UNITS, PHYSICAL QUANTITIES AND VECTORS 


1.1. 


1.2. 


1.3. 


1.4. 


1.5. 


1.6. 


1.7. 


IDENTIFY: Convert units from mi to km and from km to ft. 
SETUP: lin.=2.54 cm, 1km=1000m, 12 in.=1 ft , 1 mi = 5280 ft. 


EXECUTE: (a) 1.00 mi = (1.00 mi( ez n2 = lm it n J=1.61 km 


1 mi 1 ft 1 in. 10° cm J10 m 


3 2 : 
(b) 1.00 km = (1.00 km)| 0 || fe Saree f 
1 km lm 2.54 cm /\ 12 in. 


EVALUATE: A mile is a greater distance than a kilometer. There are 5280 ft in a mile but only 3280 ft in a km. 
IDENTIFY: Convert volume units from L to in.’ . 
SETUP: 1L=1000 cm’. 1 in.=2.54 cm 


3 x 3 
Execute: 0.473 Lx| O |f] 289 in’. 
IL 2.54 cm 


EVALUATE: 1 in. is greater than 1 cm’, so the volume in in.’ is a smaller number than the volume in cm’, 
which is 473 cm’. 

IDENTIFY: We know the speed of light in m/s. t =d /v . Convert 1.00 ft to m and ¢ from s to ns. 

SET Up: The speed of light is v=3.00x10* m/s. 1 ft =0.3048 m. 1s=10" ns. 

_ 0.3048 m 

~ 3.00x10° m/s 
EVALUATE: In 1.00 s light travels 3.00x 10° m =3.00x10° km =1.86x10° mi. 


IDENTIFY: Convert the units from g to kg and from cm? to m°. 
SETUP: 1kg=1000 g. 1 m=1000 cm. 


3 
EXECUTE: 11.3 È { I kg H22) =1.13x10¢ £ 


cm? (1000 g Im m 


EXECUTE: t =1.02x10° s =1.02 ns 


EVALUATE: The ratio that converts cm to m is cubed, because we need to convert cm? to m°. 
IDENTIFY: Convert volume units from in.’ to L. 

SETUP: 1L=1000 cm’. 1 in.=2.54 cm. 

EXECUTE: (327 in.’)x(2.54 cm/in.) ’ x(1 L/1000 cm*) = 5.36 L 


EVALUATE: The volume is 5360 cm’. 1 cm’ is less than 1 in.’ , so the volume in cm’ is a larger number than the 

volume in in’. 

IDENTIFY: Convert ft? to m?” and then to hectares. 

SETUP: 1.00 hectare =1.00x10* m°. 1 ft = 0.3048 m. 

43,600 ft? \/ 0.3048 m */ 1.00 hectare 
I 1.00 ft Gra m? 


EVALUATE: Since 1 ft =0.3048 m, 1 ft? = (0.30487 m°. 
IDENTIFY: Convert seconds to years. 
SETUP: 1 billion seconds =1x10° s. 1 day =24 h . 1 h =3600 s. 


EXECUTE: 1.00 billion seconds = (1.00 x10° s) etea oA laa 
3600 s /\ 24 h J( 365 days 


EXECUTE: Theareais (12.0 sere )- 4.86 hectares . 


l acre 
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1.8. 


1.9. 


1.10. 


1.11. 


1.12. 


1.13. 


1.14. 


EVALUATE: The conversion 1 y =3.156x10’ s assumes 1 y = 365.24 d, which is the average for one extra day 
y y g 


every four years, in leap years. The problem says instead to assume a 365-day year. 
IDENTIFY: Apply the given conversion factors. 
SETUP: 1 furlong = 0.1250 mi and 1 fortnight =14 days. 1 day = 24 h. 


EXECUTE: (180,000 furlongs/fortnight) L Loren ( ay = 67 mi/h 
1 furlong 14 days 24h 


EVALUATE: A furlong is less than a mile and a fortnight is many hours, so the speed limit in mph is a much 
smaller number. 

IDENTIFY: Convert miles/gallon to km/L. 

SETUP: 1 mi=1.609 km. 1 gallon =3.788 L. 


EXECUTE: (a) 55.0 miles/gallon =(55.0 miles/gallon) 2o03 en galons 23.4 km/L. 
l mi 3.788 L 
(b) The volume of gas required is LOO R. 2 4.1L eba 1.4 tanks . 


234km/L ` ` 45 L/tank 
EVALUATE: 1 mi/gal = 0.425 km/L . A km is very roughly half a mile and there are roughly 4 liters in a gallon, 


so 1 mi/gal ~ 2 km/L , which is roughly our result. 


IDENTIFY: Convert units. 
SETUP: Use the unit conversions given in the problem. Also, 100 cm=1 mand 1000 g=1kg. 


EXECUTE: (a) (om!) a ) (= thst 


h 3600s lmi s 


b) 32f 30.48cm 1m )-983 
s 1ft 100 cm s 


3 
(c) [1.0 e) Gr =) 1 kg -10 kg 
cm lm 1000 g m 


EVALUATE: The relations 60 mi/h =88 ft/s and 1 g/cm’ =10° kg/m’ are exact. The relation 32 ft/s? =9.8 m/s” is 
accurate to only two significant figures. 

IDENTIFY: We know the density and mass; thus we can find the volume using the relation 

density = mass/volume = m/V . The radius is then found from the volume equation for a sphere and the result for 


the volume. 


SET Up: Density =19.5 g/cm° and m... =60.0 kg. For a sphere V =42r°. 
y 8 Pp 3 


critical 


EXECUTE: V =m ua density =| $228 || 1000 8 | -3080 cm’. 
19.5 g/cm” )\ 1.0 kg 


r= a = = Goso cm’) =9.0 cm. 
An 4m 


EVALUATE: The density is very large, so the 130 pound sphere is small in size. 
IDENTIFY: Use your calculator to display m x10”. Compare that number to the number of seconds in a year. 
SETUP: 1 yr =365.24 days, 1 day =24h, and 1h =3600 s. 


24h ae s 
1 day lh 


The approximate expression is accurate to two significant figures. 

EVALUATE: The close agreement is a numerical accident. 

IDENTIFY: The percent error is the error divided by the quantity. 

SETUP: The distance from Berlin to Paris is given to the nearest 10 km. 
10m 


890x10° m 
(b) Since the distance was given as 890 km, the total distance should be 890,000 meters. We know the total 
distance to only three significant figures. 

EVALUATE: In this case a very small percentage error has disastrous consequences. 

IDENTIFY: When numbers are multiplied or divided, the number of significant figures in the result can be no 
greater than in the factor with the fewest significant figures. When we add or subtract numbers it is the location of 
the decimal that matters. 


EXECUTE: (365.24 days/1 / )-3.15567...10" s; 2x10’ s=3.14159...x10’ s 


EXECUTE: (a) =1.1x10°%. 
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1.15. 


1.16. 


1.17. 


1.18. 


1.19. 


SET Up: 12 mm has two significant figures and 5.98 mm has three significant figures. 
EXECUTE: (a) (12 mm)x(5.98 mm) = 72 mm’ (two significant figures) 


(b) 2:28- =0.50 (also two significant figures) 
2 mm 

(c) 36 mm (to the nearest millimeter) 

(d) 6 mm 


(e) 2.0 (two significant figures) 

EVALUATE: The length of the rectangle is known only to the nearest mm, so the answers in parts (c) and (d) are 
known only to the nearest mm. 

IDENTIFY and SET UP: In each case, estimate the precision of the measurement. 

EXECUTE: (a) If a meter stick can measure to the nearest millimeter, the error will be about 0.13%. 

(b) If the chemical balance can measure to the nearest milligram, the error will be about 8.3x10°%. 

(c) If a handheld stopwatch (as opposed to electric timing devices) can measure to the nearest tenth of a second, the 
error will be about 2.8x10°%. 

EVALUATE: The percent errors are those due only to the limit of precision of the measurement. 

IDENTIFY: Use the extreme values in the piece’s length and width to find the uncertainty in the area. 

SET Up: The length could be as large as 5.11 cm and the width could be as large as 1.91 cm. 


7 EA . 0.0 k 
EXECUTE: The area is 9.69 + 0.07 cm”. The fractional uncertainty in the area is a =0.72%, and the 
cm 
re ; . 0.01 
fractional uncertainties in the length and width are 2 k ™ =0.20% and E ™ = 0.53%. The sum of these 
cm .9 cm 


fractional uncertainties is 0.20% + 0.53% = 0.73% , in agreement with the fractional uncertainty in the area. 
EVALUATE: The fractional uncertainty in a product of numbers is greater than the fractional uncertainty in any of 
the individual numbers. 

IDENTIFY: Calculate the average volume and diameter and the uncertainty in these quantities. 

SETUP: Using the extreme values of the input data gives us the largest and smallest values of the target variables 
and from these we get the uncertainty. 


EXECUTE: (a) The volume of a disk of diameter d and thickness tis V = 2(d/2)’t. 

The average volume is V = (8.50 cm/2)’(0.50 cm) = 2.837 cm’. But t is given to only two significant figures so 
the answer should be expressed to two significant figures: V = 2.8 cm’. 

We can find the uncertainty in the volume as follows. The volume could be as large as 

V = (8.52 cm/2)’ (0.055 cm) =3.1 cm’, which is 0.3 cm° larger than the average value. The volume could be as 


small as V = 2(8.52 cm/2)° (0.045 cm) =2.5 cm’, which is 0.3 cm’ smaller than the average value. The 


uncertainty is +0.3 cm*, and we express the volume as V =2.8+0.3 cm’. 

(b) The ratio of the average diameter to the average thickness is 8.50 cm/0.050 cm =170. By taking the largest 
possible value of the diameter and the smallest possible thickness we get the largest possible value for this ratio: 
8.52 cm/0.045 cm =190. The smallest possible value of the ratio is 8.48/0.055 =150. Thus the uncertainty is 
+20 and we write the ratio as 170+ 20. 

EVALUATE: The thickness is uncertain by 10% and the percentage uncertainty in the diameter is much less, so 
the percentage uncertainty in the volume and in the ratio should be about 10%. 

IDENTIFY: Estimate the number of people and then use the estimates given in the problem to calculate the 
number of gallons. 

SET Up: Estimate 3x10* people, so 2 x10° cars. 

EXECUTE: (Number of cars x miles/car day)/ (mi/ gal) = gallons/day 


(2 x 10° cars x10000 mi/yr/car x1 yr/365 days) /(20 mi/gal) =310° gal/day 


EVALUATE: The number of gallons of gas used each day approximately equals the population of the U.S. 
IDENTIFY: Express 200 kg in pounds. Express each of 200 m, 200 cm and 200 mm in inches. Express 
200 months in years. 

SET Up: A mass of | kg is equivalent to a weight of about 2.2 Ibs. 1 in. =2.54 cm. 1 y=12 months. 
EXECUTE: (a) 200 kg is a weight of 440 lb. This is much larger than the typical weight of a man. 

1 in. 


(b) 200 m = (2.00 x104 em ( =7.9x10° inches . This is much greater than the height of a person. 


2.54 cm 
(c) 200 cm = 2.00 m =79 inches = 6.6 ft . Some people are this tall, but not an ordinary man. 
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1.20. 


1.21. 


1.22. 


1.23. 


1.24. 


(d) 200 mm = 0.200 m= 7.9 inches . This is much too short. 


12 mon 
EVALUATE: None are plausible. When specifying the value of a measured quantity it is essential to give the units 
in which it is being expressed. 
IDENTIFY: The number of kernels can be calculated as N =V, 


bottle 


(e) 200 months = (200 mon) 52) =17 y . This is the age of a teenager; a middle-aged man is much older than this. 


lV, 


kernel * 

SET Up: Based on an Internet search, Iowan corn farmers use a sieve having a hole size of 0.3125 in. = 8 mm to 
remove kernel fragments. Therefore estimate the average kernel length as 10 mm, the width as 6 mm and the depth 
as 3 mm. We must also apply the conversion factors 1 L =1000 cm’ and 1 cm=10 mm. 


EXECUTE: The volume of the kernel is: V, 


kernel 


Voou = (2.0 L)| (1000 em?)/(1.0 L) || Go mm) /(1.0 cm)’ | = 2.0x10° mm’ . The number of kernels is then 
Nereis = Voue Penes ¥ (2-0 10° mm°)/(180 mm?) =11,000 kernels . 


kernels bottle ernels ~ 


=(10 mm)(6 mm)(3 mm) =180 mm? . The bottle’s volume is: 


EVALUATE: This estimate is highly dependent upon your estimate of the kernel dimensions. And since these 
dimensions vary amongst the different available types of corn, acceptable answers could range from 6,500 to 
20,000. 

IDENTIFY: Estimate the number of pages and the number of words per page. 

SET Up: Assuming the two-volume edition, there are approximately a thousand pages, and each page has 
between 500 and a thousand words (counting captions and the smaller print, such as the end-of-chapter exercises 
and problems). 

EXECUTE: An estimate for the number of words is about 10°. 

EVALUATE: We can expect that this estimate is accurate to within a factor of 10. 

IDENTIFY: Approximate the number of breaths per minute. Convert minutes to years and cm’ to m° to find the 


volume in m’ breathed in a year. 


SETUP: Assume 10 breaths/min . 1 y = (365 (#2 = 


10° cm? =1 m° . The volume of a sphere is V =4zr° =47d° , where r is the radius and d is the diameter. Don’t 


J=53x10 min. 10° cm =1 m so 


forget to account for four astronauts. 
5.3x10° min 


EXECUTE: (a) The volume is (4)(10 breaths/min)(500 x 10° m| i 
y 


o a=(%) {ae =) eo 
T 


mT 


Jarat m?/yr. 


EVALUATE: Our estimate assumes that each cm’ of air is breathed in only once, where in reality not all the 
oxygen is absorbed from the air in each breath. Therefore, a somewhat smaller volume would actually be 
required. 

IDENTIFY: Estimate the number of blinks per minute. Convert minutes to years. Estimate the typical lifetime in 
years. 

SETUP: Estimate that we blink 10 times per minute. 1 y =365 days . 1 day =24 h , 1 h = 60 min. Use 80 years 


for the lifetime. 


EXECUTE: The number of blinks is (10 per mi) on ml arn [s E iso y/lifetime) = 4x 10° 

lh 1 day ly 
EVALUATE: Our estimate of the number of blinks per minute can be off by a factor of two but our calculation is 
surely accurate to a power of 10. 
IDENTIFY: Estimate the number of beats per minute and the duration of a lifetime. The volume of blood pumped 
during this interval is then the volume per beat multiplied by the total beats. 
SET Up: An average middle-aged (40 year-old) adult at rest has a heart rate of roughly 75 beats per minute. To 
calculate the number of beats in a lifetime, use the current average lifespan of 80 years. 


EXECUTE: Nas =(75 beats/min) | £ min ) A e fard 2 YT |=3x10° beats/lifespan 
i lh 1 day yr lifespan 
IL 1 gal 10° beat 
Votooa = (50 cm /ea)| 5 i za ) : = e 4x10” gal/lifespan 
1000 cm” /\ 3.788 L lifespan 


EVALUATE: This is a very large volume. 
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1.25. 


1.26. 


1.27. 


1.28. 


1.29. 


1.30. 


IDENTIFY: Estimation problem 
SETUP: Estimate that the pile is 18 in.x18 in. x5 ft 8 in.. Use the density of gold to calculate the mass of gold in 
the pile and from this calculate the dollar value. 
EXECUTE: The volume of gold in the pile is V =18 in. x18 in.x 68 in. = 22,000 in.. Convert to cm? : 

V =22,000 in.’ (1000 cm’/61.02 in?) =3.6x10° cm’. 
The density of gold is 19.3 g/cm’, so the mass of this volume of gold is 

m =(19.3 g/em’)(3.6x10° cm’) =7x10° g. 

The monetary value of one gram is $10, so the gold has a value of ($10/gram)(7 x10° grams) = $7 x10’, or about 
$100 x10° (one hundred million dollars). 
EVALUATE: This is quite a large pile of gold, so such a large monetary value is reasonable. 
IDENTIFY: Estimate the diameter of a drop and from that calculate the volume of a drop, in m°. Convert m° to L. 
SETUP: Estimate the diameter of a drop to be d =2 mm. The volume of a spherical drop is V =42r° =47d°. 
10° cm? =1L. 

1000 cm? 
4x10” cm? 
EVALUATE: Since V ~ d’, if our estimate of the diameter of a drop is off by a factor of 2 then our estimate of the 
number of drops is off by a factor of 8. 

IDENTIFY: Estimate the number of students and the average number of pizzas eaten by each student in a school year. 
SET Up: Assume a school of thousand students, each of whom averages ten pizzas a year (perhaps an underestimate) 
EXECUTE: They eat a total of 10* pizzas. 

EVALUATE: The same answer applies to a school of 250 students averaging 40 pizzas a year each. 

IDENTIFY: The number of bills is the distance to the moon divided by the thickness of one bill. 


SET Up: Estimate the thickness of a dollar bills by measuring a short stack, say ten, and dividing the 
measurement by the total number of bills. I obtain a thickness of roughly 1 mm. From Appendix F, the distance 


EXECUTE: V =7(0.2 em)’ =4x10° cm’. The number of drops in 1.0 L is =2x10° 


from the earth to the moon is 3.8 10° m. 


8 3. 
EXECUTE: Nyy, (23x10 \ 10 mm) =3.8x10" bills 4x10” bills 
sL TEL 1 m 


EVALUATE: This answer represents 4 trillion dollars! The cost of a single space shuttle mission in 2005 is 
significantly less — roughly 1 billion dollars. 

IDENTIFY: The cost would equal the number of dollar bills required; the surface area of the U.S. divided by the 
surface area of a single dollar bill. 

SET Up: By drawing a rectangle on a map of the U.S., the approximate area is 2600 mi by 1300 mi or 
3,380,000 mi’. This estimate is within 10 percent of the actual area, 3,794,083 mi? . The population is roughly 


3.0x10* while the area of a dollar bill, as measured with a ruler, is approximately 6+ in. by 22 in. 
EXECUTE: Ays = (3,380,000 mi? )[(5280 ft)/(1 mi)] [(12 in.)/(1 WT? =1.4% 10" in? 

Ay = (6.125 in.)(2.625 in.) =16.1 in? 

Total cost = Nn, = Aus / 4u =(1.4x10 in.)/(16.1 in /bill) =9 x10" bills 


Cost per person = (9x 10" dollars) (3.0 x10? persons) = 3 x 10°dollars/person 


EVALUATE: The actual cost would be somewhat larger, because the land isn’t flat. 

IDENTIFY: The displacements must be added as vectors and the magnitude of the sum depends on the relative 
orientation of the two displacements. 

SET Up: The sum with the largest magnitude is when the two displacements are parallel and the sum with the 
smallest magnitude is when the two displacements are antiparallel. 

EXECUTE: The orientations of the displacements that give the desired sum are shown in Figure 1.30. 
EVALUATE: The orientations of the two displacements can be chosen such that the sum has any value between 


0.6 m and 4.2 m. 
1.8m 
2.4m 1.8m am | 1.8m 
re —— 


2.4m 2.4m 
(a) (b) (c) 
Figure 1.30 
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1.31. 


1.32. 


1.33. 


IDENTIFY: Draw each subsequent displacement tail to head with the previous displacement. The resultant 
displacement is the single vector that points from the starting point to the stopping point. 


SET Up: Call the three displacements A, B , and Č . The resultant displacement R is given by R=A+B+C. 
EXECUTE: The vector addition diagram is given in Figure 1.31. Careful measurement gives that R is 
7.8 km, 38° north of east . 


EVALUATE: The magnitude of the resultant displacement, 7.8 km, is less than the sum of the magnitudes of the 
individual displacements, 2.6 km+4.0 km +3.1 km . 


Figure 1.31 


IDENTIFY: Draw the vector addition diagram, so scale. 

SET Up: The two vectors A and B are specified in the figure that accompanies the problem. 

EXECUTE: (a) The diagram for C=At+Bis given in Figure 1.32a. Measuring the length and angle of Č gives 
C =9.0 m and an angle of 0 =34° . 

(b) The diagram for D = A -B is given in Figure 1.32b. Measuring the length and angle of D gives D =22 mand 
an angle of 8 = 250° . 

(c) -4 -B= -(A + B), so -A-B hasa magnitude of 9.0 m (the same as A+B ) and an angle with the +x axis 
of 214° (opposite to the direction of A+ B ). 

(dq) B~ A=-(A-B),so B-Ahasa magnitude of 22 m and an angle with the +x axis of 70° (opposite to the 
direction of A- B ). 


EVALUATE: The vector —A is equal in magnitude and opposite in direction to the vector A. 


(a) (b) 
Figure 1.32 
IDENTIFY: Since she returns to the starting point, the vectors sum of the four displacements must be zero. 
SET Up: Call the three given displacements A h B , and Č , and call the fourth displacement D. 
A+B+C+D=0. 
EXECUTE: The vector addition diagram is sketched in Figure 1.33. Careful measurement gives that D 
is 144 m, 41° south of west. 
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1.34. 


1.35. 


1.36. 


1.37. 


EVALUATE: Ď is equal in magnitude and opposite in direction to the sum A+ B+C . 


Figure 1.33 


IDENTIFY and SET UP: Use a ruler and protractor to draw the vectors described. Then draw the corresponding 
horizontal and vertical components. 

EXECUTE: (a) Figure 1.34 gives components 4.7 m, 8.1 m. 

(b) Figure 1.34 gives components —15.6 km, 15.6 km. 


(c) Figure 1.34 gives components 3.82 cm, —5.07 cm. 


EVALUATE: The signs of the components depend on the quadrant in which the vector lies. 
: 


(—15.6 km, 15.6 km)| (4.7 m, 8.1 m) 


(b) (a) 


(© 


(3.82 cm, —5.07 cm) 


Figure 1.34 


IDENTIFY: For each vector V , use that V, =V cos8 and V, =Vsin@ , when @is the angle V makes with the +x 
axis, measured counterclockwise from the axis. 

SETUP: For A, 0=270.0°. For B, 0=60.0°. For Č, 0=205.0°. For D, 0=143.0°. 

EXECUTE: A,=0, A, =-8.00 m. B.=7.50m, B, =13.0m. C, =-10.9m, C, =-5.07m. D,=-7.99m, 
D, =6.02 m. 

EVALUATE: The signs of the components correspond to the quadrant in which the vector lies. 


A, . ; 
IDENTIFY: tan = a , for 0 measured counterclockwise from the +x -axis. 


x 


SETUP: A sketchof 4, A, and A tells us the quadrant in which Alies. 


EXECUTE: 
A = 

(a) tan 9 = = 99 ™ __9 500. 6 =tan™(-0.500) = 360° — 26.6° =333° 
Ay 2.00m 
A 

(b) tan 0 =— = LOO 0300 oea (0.500) = 26.6°. 
A 2.00m 
A 

(©) tan 9 =“ = 2 ™ 0,500. Ø = tan” (—0.500) =180°—26.6°=153°. 
A, -2.00m 
A oe 

(d) tan 0 = 22 = 00 ™ _ 9 500. Ø = tan™ (0.500) =180°+ 26.6° = 207° 
A, —2.00m 


EVALUATE: The angles 26.6° and 207° have the same tangent. Our sketch tells us which is the correct value 

of 0. 

IDENTIFY: Find the vector sum of the two forces. 

SETUP: Use components to add the two forces. Take the +x-direction to be forward and the +y-direction to be 


upward. 
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1.39, 


1.40. 


EXECUTE: The second force has components F,, = F,cos32.4° = 433 N and F,, = F,sin32.4°=275 N. The 
first force has components F, =725 N and F,, =0. 

F=f, +, =1158N and F, =F, +F,, =275N 

The resultant force is 1190 N in the direction 13.4° above the forward direction. 

EVALUATE: Since the two forces are not in the same direction the magnitude of their vector sum is less than the 
sum of their magnitudes. 


IDENTIFY: Find the vector sum of the three given displacements. 
SET Up: Use coordinates for which +x is east and +y is north. The driver’s vector displacements are: 


A=2.6 km, 0° of north; B = 4.0 km, 0° of east; C =3.1 km, 45° north of east . 
EXECUTE: R, = 4, + B, +C, =0+4.0 km+(3.1 km)cos(45°) = 6.2 km; R, = 4, +B, +C, = 


2.6 km+0+(3.1 km)(sin45’) =4.8 km; R= qR? +R =7.8 km; 0 = tan™[(4.8 km)/(6.2 km) | = 38"; 


R =7.8 km, 38° north of east. This result is confirmed by the sketch in Figure 1.38. 
EVALUATE: Both R, and R, are positive and R is in the first quadrant. 


Figure 1.38 


IDENTIFY: If C= A+B, then C,=A,+B,and C, = A,+B,.Use C,and C, to find the magnitude and 


direction of Č . 
SETUP: From Figure 1.34 in the textbook, 4, =0, A, =—8.00 mand B, =+Bsin30.0°=7.50 m, 


B, = +Bcos30.0° =13.0 m. 
EXECUTE: (a) C= A+Bso C,=4,+B,=7.50m and C, =4,+B,=+5.00m. C=9.01m. 


C 
E E 
C, 7.50m 
(b) B+4=A+B,so B+ Ahas magnitude 9.01 m and direction specified by 33.7°. 
es le. a D, -21.0 m 
(c) D=A-Bso D,=A,-B,=-7.50 mand D, =4,-B,=-21.0 m. D=22.3 m. tang =— =———— and 
i i á i i D, -7.50 m 


¢=70.3°. Dis in the 3™ quadrant and the angle @ counterclockwise from the +x axis is 180° +70.3° =250.3°. 
(dq) B- A=-(A-B), so B- Ahas magnitude 22.3 m and direction specified by 6 = 70.3° . 

EVALUATE: These results agree with those calculated from a scale drawing in Problem 1.32. 

IDENTIFY: Use Equations (1.7) and (1.8) to calculate the magnitude and direction of each of the given vectors. 
SETUP: A sketchof 4, A, and A tells us the quadrant in which Alies. 


EXECUTE: (a) (8.60 em)’ + (5.20 cm)? =10.0 cm, artan( a =148.8° (which is 180°—31.2°). 


(b) /(-9.7 m)? + (-2.45 m)? =10.0 m, arcan [ 2 )=14°4180°=194 


2. 
(c) J(7.75 km) + (—2.70 km)? =8.21 km, actan{ a = 


= 340.8° (which is 360°—19.2°). 


EVALUATE: In each case the angle is measured counterclockwise from the +x axis. Our results for 0 agree with 
our sketches. 


Units, Physical Quantities and Vectors 


1-9 
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1.42. 


IDENTIFY: Vector addition problem. We are given the magnitude and direction of three vectors and are asked to 


find their sum. 
SET UP: 


A=3.25 km 
B=4.75 km 
C =1.50 km 


Figure 1.41a 


Select a coordinate system where +x is east and +y is north. Let A, B and C be the three displacements of the 


professor. Then the resultant displacement R is given by R= A+B+C. By the method of components, 


R,=A,+B,+C, and R, =A,+B,+C,,. Find the x and y components of each vector; add them to find the 


components of the resultant. Then the magnitude and direction of the resultant can be found from its x and y 


components that we have calculated. As always it is essential to draw a sketch. 


EXECUTE: 
y 


A,=0, A, =+3.25 km 
B,=~4.75km, B,=0 
C,=0, C, =-1.50 km 


R,=A,+B,+C, 
R, =0-4.75 km +0 =-4.75 km 
R, =4,+B8,+C, 


R, =3.25 km+0-1.50 km =1.75 km 


R= JR? +R? = (-4.75 km)? +(1.75 km)? 


R=5.06 km 
R 

tang- -175M 0.3684 
R. -4.75 km 

0 =159.8° 


S 
Figure 1.41c 


The angle @ measured counterclockwise from the +x-axis. In terms of compass directions, the resultant 
displacement is 20.2°N of W. 


EVALUATE: R, <0 and R, >0, so R is in 2nd quadrant. This agrees with the vector addition diagram. 


IDENTIFY: Add the vectors using components. B-A=B+ (-A) ; 


SETUP: If C=A+Bthen C,=4,+B,and C,=4,+B,.If D= B-A then D, =B, -4A, and D, =B,- 4,. 


EXECUTE: (a) The x- and y-components of the sum are 1.30 cm +4.10 cm = 5.40 cm, 
2.25 cm + (—3.75 cm) = -1.50 cm. 


—1.50 
+5.40 


(b) Using Equations (1.7) and (1.8), (6.40em) (-1.50 cm)? =5.60 cm, arctan = 344.5° ccw. 
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(c) Similarly, 4.10 cm —(1.30 cm) = 2.80 cm, —3.75 cm - (2.25 cm) =—6.00 cm. 


(a) J280) + 6000m)? = 6.62 em, ncia 0” 


) =295° (which is 360°- 65°). 


EVALUATE: We can draw the vector addition diagram in each case and verify that our results are qualitatively 
correct. 

1.43. IDENTIFY: Vector addition problem. A-B=A+ (-B). 
SET UP: Find the x- and y-components of A and B. Then the x- and y-components of the vector sum are 


calculated from the x- and y-components of A and B. 
EXECUTE: 


A, = Acos(60.0°) 
A, = (2.80 cm)cos(60.0°) = +1.40 cm 
A, = Asin(60.0°) 
A, = (2.80 cm)sin(60.0°) = +2.425 cm 
B, = Bcos(-60.0°) 

F B, = (1.90 cm)cos(—60.0°) = +0.95 cm 
B, = Bsin(—60.0°) 
B, = (1.90 cm)sin(—60.0°) = -1.645 cm 


Note that the signs of the components 
correspond to the directions of the component 
vectors. 


Figure 1.43a 
(a) Now let R= A+B. 
R, =A, +B, =+1.40 cm+0.95 cm = +2.35 cm. 
R, =A, + B, =+2.425 cm -1.645 cm = +0.78 cm. 


R= JR? +R? =J(2.35 om) + (0.78 cm)? 


-------3 R=2.48 cm 
R | R 4 
| 4S i ino- LCA LY Te 
8 a R, +2.35 cm 
| Rx 6 =18.4° 


Figure 1.43b 


EVALUATE: The vector addition diagram for R= A+B is 


R is in the 1st quadrant, with 
R,|<|R 


y x 


< 


, in agreement with 


R our calculation. 


Figure 1.43c 
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(b) EXECUTE: Now let R= A-B. 
R,=A,-B, =+1.40 cm—0.95 cm = +0.45 cm. 
R, = A, — B, = 42.425 cm +1.645 cm = +4.070 cm. 


hie A j R= Je +R? = (0.45 cm)? + (4.070 cm)? 
R i R =4.09 cm 
y f R 
È papa s 4.070 cm -49.044 
l R, 0.45 cm 
| 
ys ee 0 =83.7° 
R, 
Figure 1.43d 


EVALUATE: The vector addition diagram for R = A+ (-B ) is 


R is in the 1st quadrant, 
with |R,|<|R, 


x 


, in 


agreement with our 
calculation. 


Figure 1.43e 


(c) EXECUTE: 


-> 
D 
| ` 


B-A and A-B are 
: equal in magnitude and 

opposite in direction. 

R=4.09 cm and 

0 =83.7° +180° = 264° 


5 


» 


Figure 1.43f 
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EVALUATE: The vector addition diagram for R = B + (-4) is 

R is in the 3rd quadrant, 

with |R,|<|R,|, in 

agreement with our 

calculation. 

Figure 1.43g 
1.44. IDENTIFY: The velocity of the boat relative to the earth, ¥,,,, the velocity of the water relative to the earth, ¥,,,, 
and the velocity of the boat relative to the water, ¥,,,, are related by Vee = Vgw t Ywe.- 
SETUP: Vyp =5.0 km/h, north and Vaw =7.0 km/h, west. The vector addition diagram is sketched in 
Figure 1.44. 
.0 km/h 
EXECUTE: viu =v a Hiie and Vg, = y(5.0 km/h)? +(7.0 km/h)? =8.6 knvh . tang = "we = 2-0 km/h aad 
Vaw 7-0 km/h 

¢ =36°, north of west. 
EVALUATE: Since the two vectors we are adding are perpendicular we can use the Pythagorean theorem directly 
to find the magnitude of their vector sum. 

Ve/w 

VWE 
Figure 1.44 
1.45. IDENTIFY: Let A=625 Nand B =875 N . We are asked to find the vector Č such that A+ B =C =0. 


SETUP: 4, =0, A, =-625 N. B, =(875 N)cos30°=758N, B, =(875 N)sin30° =438 N. 
EXECUTE: C, =-(4, +B,)=-(0+758 N) =-758 N . C, =-(A, + B,) =-(-625 N +438 N) = +187 N . Vector 


e C, 
C and its components are sketched in Figure 1.45. C =C} +C} =781N . tang= i = = 


x 


and ¢=13.9°. 


Č is at an angle of 13.9° above the —x -axis and therefore at an angle 180° —13.9° =166.1° counterclockwise from 
the +x-axis . 


EVALUATE: A vector addition diagram for A+ B+C verifies that their sum is zero. 
3 


Figure 1.45 
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1.46. 


1.47. 


1.48. 


1.49, 


1.50. 


IDENTIFY: We know the vector sum and want to find the magnitude of the vectors. Use the method of 
components. 

SET Up: The two vectors A and B and their resultant Č are shown in Figure 1.46. Let +y be in the direction of 
the resultant. A4 =B . 

EXECUTE: C,=4,+8,. 372 N=24Acos 43.0° and 4=254N. 


EVALUATE: The sum of the magnitudes of the two forces exceeds the magnitude of the resultant force because 


only a component of each force is upward. 
AA 


Figure 1.46 


IDENTIFY: Find the components of each vector and then use Eq.(1.14). 
SeTUp: 4, =0, 4,=-8.00m. B,=7.50 m, 8, =13.0m. C,=-10.9m, C,=-5.07m. D, =-7.99m, 


D, =6.02 m. 

EXECUTE: A =(-8.00 m)j; B=(7.50 m)i + (13.0 m)j; Č =(-10.9 m)i + (-5.07 m)/; 

D = (-7.99 m)i + (6.02 m)j. 

EVALUATE: All these vectors lie in the xy-plane and have no z-component. 

IDENTIFY: The general expression for a vector written in terms of components and unit vectors is A= Ai + Aj 


SETUP: 5.0B=5.0(4i —6j) =20i -30j 
EXECUTE: (a) 4,=5.0, 4,=-6.3 (b) 4,=11.2, A, =-9.91 (e) 4, =-15.0, A, =22.4 
(d) 4,=20, 4, =-30 


EVALUATE: The components are signed scalars. 

IDENTIFY: Use trig to find the components of each vector. Use Eq.(1.11) to find the components of the vector 
sum. Eq.(1.14) expresses a vector in terms of its components. 

SET Up: Use the coordinates in the figure that accompanies the problem. 


EXECUTE: (a) A=(3.60 m)cos70.0% + (3.60 m)sin70.0°j =(1.23 m)i+(3.38 m) j 
= ~(2.40 m) cos 30.0°i —(2.40 m) sin 30.0°j =(—2.08 m)i +(-1.20 m) j 
(b) C =(3.00) A—(4.00) B =(3.00)(1.23 m)i +(3.00)(3.38 m) j —(4.00)(—2.08 m)i —(4.00)(-1.20 m) j 


= (12.01 m)i + (14.94) j 
(c) From Equations (1.7) and (1.8), 


o 


C =,/(12.01 m}? +(14.94 m)? =19.17 m, arctan a =) = 
12.01 m 


EVALUATE: C, and C,are both positive, so @ is in the first quadrant. 


IDENTIFY: Find A and B. Find the vector difference using components. 
SET Up: Deduce the x- and y-components and use Eq.(1.8). 


EXECUTE: (a) 4=4.00i +3.00j; 4,=+4.00; 4, =+3.00 


x 


A=,/A? + A? = J(4.00)’ + 3.00)’ =5.00 
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1.51. 


1.52. 


1.53. 


1.54. 


B=5.00i -2.00j; B 


x 


=+5.00; B, =-2.00 


B = |B? + B? =\/(5.00)' + (-2.00)’ =5.39 

EVALUATE: Note that the magnitudes of A and B are each larger than either of their components. 
EXECUTE: (b) A—B = 4.00f +3.00} - (5.00 -2.00}) = (4.00 —5.00)i + (3.00 + 2.00) 
A-B=-1.00i +5.00} 

(c) Let R= A- B = -1.00f +5.00}. Then R, =-1.00, R, =5.00. 


R= R +R 
R=,(-1.00)’ + (5.00) =5.10. 
R 
tan 0 = — BA 
R, —1.00 
0 = -78.7° +180° =101.3°. 


= -5.00 


Figure 1.50 


EVALUATE: R,<0 and R, >0, so R is in the 2nd quadrant. 


IDENTIFY: A unit vector has magnitude equal to 1. 
SET Up: The magnitude of a vector is given in terms of its components by Eq.(1.12). 


EXECUTE: (a) ji+ j+ á| =V! +1? +1? = 3 #1 so it is not a unit vector. 


(b) |A| =A + A + A> . If any component is greater than +1 or less than —1, 


vector. A can have negative components since the minus sign goes away when the component is squared. 


© |A|=1 gives \/a°(3.0)° +a?(4.0} =1and Va? J25 =1. a=t 2 = 4020. 


A| >1, so it cannot be a unit 


EVALUATE: The magnitude of a vector is greater than the magnitude of any of its components. 

IDENTIFY: If vectors A and B commute for addition, A+ B = B+ A. If they commute for the scalar product, 
A-B=B.-A. 

SETUP: Express the sum and scalar product in terms of the components of A and B. 

EXECUTE: (a) Let A= 4i+A4,j and B=Bi+B,j. A+B=(4,+B,)i+(4,+B,)j. 
B+A= (B, + A)i+ (B, + A, \j . Scalar addition is commutative, so A+B=B+ A. 
A-B= AB, + A,B, and B.A= B.A, + B,A, . Scalar multiplication is commutative, so A-B=B.A. 

(b) Ax B=(A,B,- A.B, )i+(A,.B,-A,B.)j+ (4,B,-A,B,)k. 

Bx A= (B,A, - B.A,)i+ (B.A, ~B.A,)j+ (B.A, - BA, )á . Comparison of each component in each vector 
product shows that one is the negative of the other. 

EVALUATE: The result in part (b) means that Ax Band Bx A have the same magnitude and opposite direction. 
IDENTIFY: A-B=ABcos¢ 


SETUP: For Aand B, ¢=150.0°. For Band Č, =145.0°. For Á and Č , ¢=65.0°. 

EXECUTE: (a) A-B=(8.00 m)(15.0 m)cos150.0° =—104 m° 

(b) B-C =(15.0 m)(12.0 m)cos145.0° = -148 m? 

(c) A-C =(8.00 m)(12.0 m)cos65.0° = 40.6 m° 

EVALUATE: When ¢<90° the scalar product is positive and when ¢ > 90° the scalar product is negative. 
IDENTIFY: Target variables are A-B and the angle ø between the two vectors. 


SETUP: Weare given A and B in unit vector form and can take the scalar product using Eq.(1.19). The angle 
@ can then be found from Eq.(1.18). 
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1.55. 


1.56. 


1.57. 


1.58. 


EXECUTE: 

(a) 4=4.00f +3.00j, B=5.00i -2.00j; 4=5.00, B=5.39 

A-B = (4.007 +3.00 ĵ) - (5.00f — 2.00) = (4.00)(5.00) + (3.00)(—2.00) = 20.0 — 6.0 = +14.0. 
ao es 0.519; g=58.7°. 

AB (5.00)(5.39) 
EVALUATE: The component of B along A is in the same direction as A, so the scalar product is positive and 


the angle ø is less than 90°. 

IDENTIFY: For all of these pairs of vectors, the angle is found from combining Equations (1.18) and (1.21), to 
ite i A-B A,B. +A,B, 

give the angle ø as g= aos JB ]- aos AF } 


SET Up: Eq.(1.14) shows how to obtain the components for a vector written in terms of unit vectors. 


(b) cos¢= 


nae —22 
EXECUTE: (a A-B=-22, A=V40, B= 13, and so ¢ = arccos| ——— |=165°. 
3 d E Z) 


PEE 60 
b) A-B = 60, A = 434, B= 4/136, =arccos| ——— = |=28°. 
®) j i. 


(c) A-B =Oand ¢=90°. 

EVALUATE: If 4-B>0, 0<¢<90°. If A-B<0, 90°<@<180°.If A-B=0, ¢=90° and the two vectors are 
perpendicular. 

IDENTIFY: A-B=ABcos¢and |4 x B| = ABsing, where ¢ is the angle between A and B . 

SETUP: Figure 1.56 shows A and B . The components A, of A along B and A, of A perpendicular to B are 


shown in Figure 1.56a. The components of B, of Balong Aand B of B perpendicular to A are shown in 


Figure 1.56b. 
EXECUTE: (a) From Figures 1.56a and b, 4, = Acosg¢ and B, =Bcos¢. A-B = ABcos¢= BA = AB,. 


(b) 4, = Asingand B, = Bsing. |Ax Bl = ABsing = BA, = AB, . 


EVALUATE: When A and B are perpendicular, A has no component along B and B has no component along 
Aand A-B=0.When A and B are parallel, A has no component perpendicular to B and B has no component 


perpendicular to A and |4 x B| =0. 


A 


(a) (b) 
Figure 1.56 
IDENTIFY: Áx D has magnitude ADsin¢ . Its direction is given by the right-hand rule. 
SETUP: ¢=180° -53° =127° 
EXECUTE: |4 x D| = (8.00 m)(10.0 m)sin127° = 63.9 m? . The right-hand rule says Ax Dis in the 
-z-direction (into the page). 
EVALUATE: The component of D perpendicular to A is D, = Dsin 53.0° =7.00 m. |A x D| = AD, =63.9m’, 


which agrees with our previous result. 

IDENTIFY: Target variable is the vector A B, expressed in terms of unit vectors. 

SETUP: Weare given A and B in unit vector form and can take the vector product using Eq.(1.24). 
EXECUTE: A=4.00i +3.00j, B=5.00i —2.00j 
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1.59. 


1.60. 


1.61. 


Ax B =(4.00f +3.00j) x(5.007 -2.00f) = 20.07 xê -8.00f x j +15.0j xi -6.00f x Ì 


But ixi=jxj=0 and ixj=k, jxi=-k, so Ax B=-8.00k 4 15.0( k)= 23.0k. 


The magnitude of Ax B is 23.0. 


EVALUATE: Sketch the vectors A and B in a coordinate system where the xy-plane is in the plane of the paper 


and the z-axis is directed out toward you. 


B 


Figure 1.58 


By the right-hand rule Ax B is directed into the plane of the paper, in the —z-direction. This agrees with the 
above calculation that used unit vectors. 

IDENTIFY: The right-hand rule gives the direction and Eq.(1.22) gives the magnitude. 

SETUP: ¢=120.0°. 


EXECUTE: (a) The direction of AxB is into the page (the —z-direction ). The magnitude of the vector product 
is AB sing =(2.80 cm)(1.90 cm)sin120° = 4.61 cm? . 
(b) Rather than repeat the calculations, Eq. (1.23) may be used to see that Bx A has magnitude 4.61 cm’ and is in 
the +z-direction (out of the page). 
EVALUATE: For part (a) we could use Eq. (1.27) and note that the only non-vanishing component is 
C, = A,B,- A, B, =(2.80 cm)cos60.0°(—1.90 cm)sin 60° 

—(2.80 cm)sin 60.0°(1.90 cm)cos60.0° = —4.61 cm’. 


This gives the same result. 
IDENTIFY: Area is length times width. Do unit conversions. 


SETUP: 1 mi=5280 ft. 1 ft’ =7.477 gal. 
EXECUTE: (a) The area of one acre is + mix 4 mi=, mi’, so there are 640 acres to a square mile. 
+2 2 
(b) (1 acre) x{ 7 |,.{ 2280) -43,560 f? 
640 acre 1 mi 


(all of the above conversions are exact). 
7.477 gal 
3 


c) (1 acre-foot) = (43,560 ft? ) x =3.26x10° gal, which is rounded to three significant figures. 
8 8 8 


EVALUATE: An acre is much larger than a square foot but less than a square mile. A volume of 1 acre-foot is 
much larger than a gallon. 

IDENTIFY: The density relates mass and volume. Use the given mass and density to find the volume and from 
this the radius. 


SETUP: The earth has mass m, = 5.97 x10” kg and radius 7; =6.38x10° m . The volume of a sphere is 
V =4zr°. p=1.76 g/cm° =1760 km/m’ . 
m _3.28x10” kg 


EXECUTE: (a) The planet has mass m = 5.5m, =3.28x10" kg. V =— = = = 1.86 x 10” m°. 
p 1760 kg/m 


3V \> (3[1.86x102 m*]) 
r= zj ei =1.64x10’ m=1.64x10* km 
4r 4r 


(b) r=2.57r, 


EVALUATE: Volume V is proportional to mass and radius r is proportional to V'® , so r is proportional to m'^ . If 


1/3 


the planet and earth had the same density its radius would be (5.5) 77; =1.87, . The radius of the planet is greater 


than this, so its density must be less than that of the earth. 
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1.62. 


1.63. 


1.64. 


1.65. 


1.66. 


IDENTIFY and SET Up: Unit conversion. 


EXECUTE: (a) f =1.420x10° cycles/s, so s =7.04x10™ s for one cycle. 


1 
1.420 x10° 
3600 s/h 
7.04x107"° s/cycle 
(c) Calculate the number of seconds in 4600 million years = 4.6 x10” y and divide by the time for 1 cycle: 


(4.6x10° y)(3.156x10" s/y) 
7.04x10™ s/cycle 


(b) =5.11x10" cycles/h 


=2.1x10* cycles 


4.60x10° 


(d) The clock is off by 1 s in 100,000 y =1x10° y, so in 4.60x10” y it is off by (1 of oT 
x 


J-aox10 s 


(about 13 h). 

EVALUATE: In each case the units in the calculation combine algebraically to give the correct units for the answer. 
IDENTIFY: The number of atoms is your mass divided by the mass of one atom. 

SET Up: Assume a 70-kg person and that the human body is mostly water. Use Appendix D to find the mass of 


one H,O molecule: 18.015 ux1.661x10 7 kg/u =2.992 x10 *° kg/molecule. 
EXECUTE: (70 kg)/(2.992 x107% kg/molecule) =2.34x10” molecules. Each H,O molecule has 3 atoms, so 


there are about 6x10” atoms. 


EVALUATE: Assuming carbon to be the most common atom gives 3x 10°’ molecules, which is a result of the 
same order of magnitude. 
IDENTIFY: Estimate the volume of each object. The mass m is the density times the volume. 


SETUP: The volume ofa sphere of radius r is V = sar . The volume of a cylinder of radius r and length / is 
V =ar’l. The density of water is 1000 kg/m’ . 

EXECUTE: (a) Estimate the volume as that of a sphere of diameter 10 cm: V =5.2x10“m’. 

m =(0.98)(1000 kg/m’ )(5.2x10“m*)=0.5 kg. 

(b) Approximate as a sphere of radius r = 0.25m (probably an over estimate): V =6.5x10”m° . 

m =(0.98)(1000 kg/m*)(6.5x10 m*)=6x10-" kg=6x10" g. 

(c) Estimate the volume as that of a cylinder of length 1 cm and radius 3 mm: V = zr7/ =2.8x107 m>. 

m =(0.98)(1000 kg/m’)(2.8x107 m’)=3x10* kg =0.3 g. 


EVALUATE: The mass is directly proportional to the volume. 


IDENTIFY: Use the volume V and density p to calculate the mass M: p= H so V= ua 2 
p 
SET Up: The volume of a cube with sides of length x is x° . The volume of a sphere with radius R is taR : 


0.200 kg 


Mean ee x =2.94x10?m=2.94cm. 
a x g/m 


EXECUTE: (a) x° = 


(b) fap =2.54x10°m>. R =1.82x10°m =1.82 cm. 


EVALUATE: 42 =4.2, so a sphere with radius R has a greater volume than a cube whose sides have length R. 


IDENTIFY: Estimate the volume of sand in all the beaches on the earth. The diameter of a grain of sand determines 
its volume. From the volume of one grain and the total volume of sand we can calculate the number of grains. 


SETUP: The volume of a sphere of diameter d is V =+ zd °, Consulting an atlas, we estimate that the continents 
have about 1.45x10° km of coastline. Add another 25% of this for rivers and lakes, giving 1.82 x10° km of 
coastline. Assume that a beach extends 50 m beyond the water and that the sand is 2 m deep. 1 billion =1x10°. 
EXECUTE: (a) The volume of sand is (1.82 x10* m)(50 m)(2 m) =2x10"° m°. The volume of a grain is 

x10" m? 


V =17(0.2x10° m)? =4x10-” m°. The number of grains is I0 e =5x10”. The number of grains of sand 
x m 

is about 10”. 

(b) The number of stars is (100 x 10°)(100 x 10°) =10” . The two estimates result in comparable numbers for these 


two quantities. 
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1.67. 


1.68. 


1.69. 


EVALUATE: Both numbers are crude estimates but are probably accurate to a few powers of 10. 
IDENTIFY: The number of particles is the total mass divided by the mass of one particle. 


SET Up: 1 mol=6.0x10” atoms. The mass of the earth is 6.0x10™ kg . The mass of the sun is 2.0x10°° kg. 
The distance from the earth to the sun is 1.5x10'' m . The volume of a sphere of radius R is +7R’ . Protons and 
neutrons each have a mass of 1.7 x10” kg and the mass of an electron is much less. 

6.0 x 107 stems 


see | =2.6 x10” atoms. 
x 


mole 


EXECUTE: (a) (6.0x10” kg) l 


(b) The number of neutrons is the mass of the neutron star divided by the mass of a neutron: 
(2)(2.0x 10” kg) 
(1.7 x10” kg/neutron) 


(c) The average mass of a particle is essentially + the mass of either the proton or the neutron, 1.7 x 10°’ kg. The 


=2.4x10°’ neutrons. 


total number of particles is the total mass divided by this average, and the total mass is the volume times the 
average density. Denoting the density by p , 


4 


“rR 
M _37®? _@n)G.5x10" my 0" kg/m) i> gs 
a Je 1.7 x 107 kg . r 
3 p 


Note the conversion from g/em’ to kg/m’. 
EVALUATE: These numbers of particles are each very, very large but are still much less than a googol. 


IDENTIFY: Let D be the fourth force. Find D such that A+ B+C+D=0 ,so D= -(A+ Bt Č) . 
SETUP: Use components and solve for the components D, and D, of D. 

EXECUTE: 4, =+4cos30.0° = +86.6N, 4, =+4cos30.0° = +50.00N . 

B, = —Bsin30.0° = —40.00N, B, = +B cos30.0° = +69.28N . 

C, =+Ccos53.0° = -24.07N, C, =—Csin53.0°=—31.90N . 


Then D, =-22.53 N , D, =-87.34Nand D=,/D? +D? =90.2N . tana =|D,/D,|=87.34/22.53. æ =75.54°. 


¢ =180°+ a = 256° , counterclockwise from the +x-axis. 


EVALUATE: As shown in Figure 1.68, since D, and D, are both negative, D must lie in the third quadrant. 


Figure 1.68 


IDENTIFY: We know the magnitude and direction of the sum of the two vector pulls and the direction of one pull. 
We also know that one pull has twice the magnitude of the other. There are two unknowns, the magnitude of the 
smaller pull and its direction. 4, +B, =C,and 4, +B, =C, give two equations for these two unknowns. 


SET Up: Let the smaller pull be A and the larger pull be B. B=2A. C= A+ B has magnitude 350.0 N and is 
northward. Let +x be east and +y be north. B, =—Bsin25.0° and B, = Bcos25.0°. C,=0, C, =350.0N. 

A must have an eastward component to cancel the westward component of B . There are then two possibilities, as 
sketched in Figures 1.69 a and b. A can have a northward component or A can have a southward component. 
EXECUTE: In either Figure 1.69 a orb, A.+B,=C,and B =2A gives (2A)sin25.0°= Asing and ¢=57.7°. In 
Figure 1.69a, A, +B, =C, gives 2Acos25.0°+ Acos57.7° = 350.0 N and 4=149N . In Figure 1.69b, 
2Acos25.0°— Acos57.7° = 350.0 N and 4 =274 N . One solution is for the smaller pull to be 57.7° east of north. 


In this case, the smaller pull is 149 N and the larger pull is 298 N. The other solution is for the smaller pull to be 
57.7° east of south. In this case the smaller pull is 274 N and the larger pull is 548 N. 
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EVALUATE: For the first solution, with A east of north, each worker has to exert less force to produce the given 
resultant force and this is the sensible direction for the worker to pull. 


(a) (b) 
Figure 1.69 
1.70. IDENTIFY: Find the vector sum of the two displacements. 
SETUP: Call the two displacements A and B , where 4=170 km and B=230km. A+B=R. Aand Bare 


as shown in Figure 1.70. 
EXECUTE: R&, = A, +B, =(170 km) sin 68° + (230 km) cos 48° =311.5 km. 


R, = A, + B, =(170 km) cos 68° — (230 km) sin 48° = -107.2 km. 


R, 


R 


~ 


_ 107.2 km 


=—— 4T 0.344. 
311.5 km 


R =,[R? +R? =,((311.5 km}? +(-107.2 km)? =330 km. tand, = 


0g =19° south of east . 


EVALUATE: Our calculation using components agrees with R shown in the vector addition diagram, Figure 1.70. 
N(y) 


Figure 1.70 


1.71. IDENTIFY: A+B=C (or B+A=C ). The target variable is vector A. 
SETUP: Use components and Eq.(1.10) to solve for the components of A. Find the magnitude and direction of 
A from its components. 
EXECUTE: (a) 

C,=4 +B, so A. =C,-B, 


y 


r B C,=4, +B, so 4, =C,-B, 

C, = C cos 22.0° = (6.40 cm)cos22.0° 
C, =+5.934 cm 

x C, = Csin 22.0° = (6.40 cm)sin 22.0° 
C, =+2.397 cm 
B = Bcos(360° — 63.0°) = (6.40 cm) cos 297.0° 
B, =+2.906 cm 
B, = Bsin297.0° = (6.40 cm)sin297.0° 
B, = -5.702 cm 


yee 


Figure 1.71a 


(b) A, =C, —B, = 45.934 cm — 2.906 cm = +3.03 cm 
A, =C, —B, =+2.397 cm —(—5.702) cm = +8.10 cm 
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1.72. 


1.73. 


(O) 


A= J+A 


A= J603 cm)? + (8.10 cm}? =8.65 cm 


A, 
A, 
imga LaSO em agy 
A, 3.03 cm 
x 6 =69.5° 


eae 


Figure 1.71b 


EVALUATE: The A we calculated agrees qualitatively with vector A in the vector addition diagram in part (a). 
IDENTIFY: Add the vectors using the method of components. 


SETUP: 4,=0, A, =-8.00 m. 8. =750m, B,=13.0 m. C,=-10.9m, C,=-5.07 m. 


EXECUTE: (a) R,=4,+B,+C,=-3.4m. R,=4,+B,+C,=-0.07m. R=34m. tang = 
3.4m 
0 =1.2° below the —x-axis . 
S, -10.1m 2 
(b) S,=C,-A,-B, =-184m. S,=C,-A,-B, =-10.1m. S=21.0m. tnĝ ===- = 28.8 
eee ae ae ETN S, -18.4m 


x 


below the —x-axis . 


EVALUATE: The magnitude and direction we calculated for R and S agree with our vector diagrams. 
¥ y 


(a) (b) 
Figure 1.72 


IDENTIFY: Vector addition. Target variable is the 4th displacement. 
SETUP: Use a coordinate system where east is in the +x-direction and north is in the + y-direction. 


Let A, B, and C be the three displacements that are given and let D be the fourth unmeasured displacement. 
Then the resultant displacement is R=A+B+C+D. And since she ends up back where she started, R=0. 
0=A+B+C+D, so D=-(A+B+C) 

D,=—-(A,+B,+C,) and D, =—-(A, +B, +C,) 

EXECUTE: 


A,=-180m, 4, =0 

B, = Bcos315° = (210 m)cos315° = +148.5 m 
B, = Bsin315° = (210 m)sin315° = —148.5 m 
C, = Ccos 60° = (280 m)cos60° = +140 m 

C, = Csin 60° = (280 m)sin 60° = +242.5 m 


Figure 1.73a 
D,=—-(A, + B,+C,) =-(-180 m+148.5 m+140 m) =—108.5 m 
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1.74. 


1.75. 


D, =-(A, +B, +C,) =—(0-148.5 m+ 242.5 m) =-94.0 m 


r 2 
J D= |D? +D? 

D= (108.5 m)? +(-94.0 m)? =144 m 
; biie e OM cone 

D, -108.5 m 

0 =180° + 40.9° = 220.9° 

(D is in the third quadrant since both 

D, and D, are negative.) 


Figure 1.73b 


The direction of D can also be specified in terms of ¢ = 0 -180° = 40.9°; D is 41° south of west. 
EVALUATE: The vector addition diagram, approximately to scale, is 
y 


Vector D in this diagram 


DTE SS i agrees qualitatively with 
i our calculation using 
components. 
B C 


Figure 1.73c 


IDENTIFY: Solve for one of the vectors in the vector sum. Use components. 

SET Up: Use coordinates for which +x is east and +y is north. The vector displacements are: 

A =2.00 km, 0° of east; B =3.50 m, 45° south of east; and R =5.80 m, 0° east 

EXECUTE: C,=R,—A,-B, =5.80 km—(2.00 km) - (3.50 km)(cos45°) =1.33 km ; C,=R,-A,-B, 


= 0 km—0 km—(-3.50 km)(sin 45°) = 2.47 km ; C = (1.33 km}? +(2.47 km)? = 2.81 km ; 
6 = tan’ ‘| (2.47 km)/(1.33 km) |= 61.7° north of east. The vector addition diagram in Figure 1.74 shows good 


qualitative agreement with these values. 
EVALUATE: The third leg lies in the first quadrant since its x and y components are both positive. 


Figure 1.74 


IDENTIFY: The sum of the vector forces on the beam sum to zero, so their x components and their y components 
sum to zero. Solve for the components of F . 

SET Up: The forces on the beam are sketched in Figure 1.75a. Choose coordinates as shown in the sketch. The 
100-N pull makes an angle of 30.0° + 40.0° = 70.0° with the horizontal. F and the 100-N pull have been replaced 
by their x and y components. 

EXECUTE: (a) The sum of the x-components is equal to zero gives F, + (100 N)cos70.0° =0 and F. =-34.2N. 


The sum of the y-components is equal to zero gives F, + (100 N)sin70.0° -124 N =0 and F, =+30.0N. F and 


F, ON 
its components are sketched in Figure 1.75b. F =,/F? +F? =45.5 N. tang = El 30 


[|7 342N and ¢=41.3°. F is 


directed at 41.3° above the —x -axis in Figure 1.75a. 
(b) The vector addition diagram is given in Figure 1.75c. F determined from the diagram agrees with 
F calculated in part (a) using components. 
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1.76. 


1.77. 


EVALUATE: The vertical component of the 100 N pull is less than the 124 N weight so F must have an upward 
component if all three forces balance. 
100 N 


(100 N) sin 70° 


(100 N) cos 70° 


100 N 
124 N 


(a) (b) © 
Figure 1.75 


IDENTIFY: The four displacements return her to her starting point, so D= -(A +B+C ), where A , B and 


C are in the three given displacements and D is the displacement for her return. 
START Up: Let +x be east and +y be north. 


EXECUTE: (a) D, =-{(147 km)sin85° + (106 km)sin167° + (166 km)sin 235°] = -34.3 km . 
D, = -[(147 km)cos85° + (106 km)cos167° + (166 km)cos 235°] = +185.7 km. 


D = \{(-34.3 km)? + (185.7 km)? =189 km. 


Bacias 


(b) The direction relative to north is ¢= acta is ) =10.5°. Since D, <Oand D, >0, the direction of D 


km 
is 10.5° west of north. 

EVALUATE: The four displacements add to zero. 
IDENTIFY and SETUP: The vector Á that connects points (x yi) and (x,,y,) has components A, = x, — x, and 


A, = 3 =i 

200-20 
210-10 
Therefore X =10 +250 cos 72°=87, Y =20 +250 sin 72° = 258 for a final point of (87,258). 
(b) The computer screen now looks something like Figure 1.77. The length of the bottom line is 
258 — 200 
210-87 


EVALUATE: Figure 1.77 is a vector addition diagram. The vector first line plus the vector arrow gives the vector 
for the second line. 


EXECUTE: (a) Angle of first line is 0 = an ( ) =42°. Angle of second line is 42° + 30° = 72°. 


\(210 - 87) + (200 - 258)" =136 and its direction is en ( ) =25° below straight left. 


(10, 20) 


First line 


Second 
line (210, 200) 
Arrow 

(87, 258) 


Figure 1.77 
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1.78. 


1.79. 


1.80. 


IDENTIFY: Let the three given displacements be A , B and Č , where 4 = 40 steps , B =80 steps and 


C =50 steps. R= Á+ B +Č . The displacement C that will return him to his hut is -R . 
SETUP: Let the east direction be the +x-direction and the north direction be the +y-direction. 
EXECUTE: (a) The three displacements and their resultant are sketched in Figure 1.78. 

(b) R, =(40)cos45°—(80)cos 60° =-11.7 and R, =(40)sin 45° +(80)sin 60° — 50 = 47.6. 


The magnitude and direction of the resultant are ,/(-1 139)? + (47.6) = 49, arctan (25) = 76° , north of west. 


We know that R is in the second quadrant because R, <0, R, >0 . To return to the hut, the explorer must take 
49 steps in a direction 76° south of east, which is 14° east of south. 


EVALUATE: Itis useful to show R,, R, and R on a sketch, so we can specify what angle we are computing. 


Figure 1.78 


IDENTIFY: Vector addition. One vector and the sum are given; find the second vector (magnitude and direction). 
SETUP: Let +x be east and +y be north. Let A be the displacement 285 km at 40.0° north of west and let B 
be the unknown displacement. 

A+B=R where R=115 km, east 

B=R-A 

B.=R,-A,, B,=R,-A, 

EXECUTE: 4, =—Acos40.0°=—218.3 km, A, =+Asin40.0° = +183.2 km 


R,=115 km, R, =0 
Then B, =333.3km, B, =-183.2km. B=,/B? +B? =380 km; 


= (183.2 km)/(333.3 km) 


[teeter ron @=28.8°, south of east 


&) tana = |B,/B, 


S 
Figure 1.79 


EVALUATE: The southward component of B cancels the northward component of A. The eastward component 


of B must be 115 km larger than the magnitude of the westward component of A. 
IDENTIFY: Find the components of the weight force, using the specified coordinate directions. 
SET Up: For parts (a) and (b), take +x direction along the hillside and the +y direction in the downward 


direction and perpendicular to the hillside. For part (c), œ =35.0° and w=550N. 
EXECUTE: (a) w, =wsina 

(b) w, =wceosa 

(c) The maximum allowable weight is w=w,/(sina) =(550 N)/(sin35.0°)=959 N . 


EVALUATE: The component parallel to the hill increases as œ increases and the component perpendicular to the 
hill increases as œ decreases. 
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1.81. IDENTIFY: Vector addition. One force and the vector sum are given; find the second force. 
SET Up: Use components. Let +y be upward. 


B is the force the biceps exerts. 


elbow 


Figure 1.8la 


E is the force the elbow exerts. E + B = R, where R =132.5 N and is upward. 
E. =R, -B E, = R, — B, 
EXECUTE: B,=-Bsin43°=-158.2 N, B, =+Bcos43°=+169.7N, R,=0, R,=+132.5N 


Then E, =+158.2 N, E, =-37.2 N 


E = |E? +E? =160 N; 


I 
E, i tana =|E,/E,|=37.2/158.2 
l 


E a =13°, below horizontal 
Figure 1.81b 


EVALUATE: The x-component of E cancels the x-component of B. The resultant upward force is less than the 
upward component of B, so E, must be downward. 

1.82. IDENTIFY: Find the vector sum of the four displacements. 
SETUP: Take the beginning of the journey as the origin, with north being the y-direction, east the x-direction, 
and the z-axis vertical. The first displacement is then (—30 m)k, the second is (—15 m) j, the third is (200 m)i . 


and the fourth is (100 m) j. 

EXECUTE: (a) Adding the four displacements gives 

(-30 m)k + (-15 m) j + (200 m)i + (100 m) j = (200 m)i +(85 m) j - (30 m)k. 

(b) The total distance traveled is the sum of the distances of the individual segments: 
30 m+15 m+200 m+100 m =345 m. The magnitude of the total displacement is: 


D=,{D? +D +D? = (200 m)’ +(85 m)? +(-30 m) =219 m. 


EVALUATE: The magnitude of the displacement is much less than the distance traveled along the path. 

1.83. IDENTIFY: The sum of the force displacements must be zero. Use components. 
SETUP: Call the displacements A ; B ; Č and D , where Dis the final unknown displacement for the return 
from the treasure to the oak tree. Vectors A, B , and Č are sketched in Figure 1.83a. A+B+C+D=0 says 
A,+B.+C,+D, =0 and A,+B,+C,+D, =0. A=825 m, B=1250m, and C =1000 m. Let +x be eastward 
and +y be north. 
EXECUTE: (a) 4.+B,+C,+D,=0 gives D.=+(4.+B,+C,)=—(0-[1250 m]sin30.0° +[1000 m]cos40.0°) =-141m. 
A,+B,+C,+D, =Ogives D, =-(4, +B, +C,) =—-(-825 m + [1250 m]cos30.0° +[1000 m]sin 40.0°) = -900 m . 


The fourth displacement D and its components are sketched in Figure 1.83b. D =,/D? +D? =9llm. 


Units, Physical Quantities and Vectors 1-25 


1.84. 


1.85. 


1.86. 


(b) The vector diagram is sketched in Figure 1.83c. The final displacement D from this diagram agrees with the 
vector D calculated in part (a) using components. 
EVALUATE: Note that D is the negative of the sum of A 7 B , and Č. 


y 


B 


N 


D, 


(b) 
Figure 1.83 


IDENTIFY: Ifthe vector from your tent to Joe’s is A and from your tent to Karl’s is B , then the vector from 


Joe’s tent to Karl’s is B-A. 
SETUP: Take your tent's position as the origin. Let +x be east and +y be north. 


EXECUTE: The position vector for Joe’s tent is 

([21.0 mJcos 23°)i —([21.0 m]sin 23°) j = (19.33 m)i — (8.205 m) j. 

The position vector for Karl's tent is ([32.0 m]cos 37°)i +([32.0 m]sin 37°) j = (25.56 m)i + (19.26 m)j. 

The difference between the two positions is 

(19.33 m—25.56 m)i +(-8.205 m-19.25 m) j =-(6.23 m)i — (27.46 m)j. The magnitude of this vector is the 


distance between the two tents: D = (6.23 m) + (-27.46 m} =28.2 m 


EVALUATE: Ifboth tents were due east of yours, the distance between them would be 32.0 m- 21.0 m=17.0 m. 
If Joe’s was due north of yours and Karl’s was due south of yours, then the distance between them would be 
32.0 m+21.0 m=53.0 m . The actual distance between them lies between these limiting values. 


IDENTIFY: In Eqs.(1.21) and (1.27) write the components of A and B in terms of A, B, 0,and @,. 

SET Up: From Appendix B, cos(a—b)=cosacosb+sinasinb and sin(a —b) =sinacosb—cosasinb. 

EXECUTE: (a) With 4, = B, =0, Eq.(1.21) becomes 

A,B, + A,B, =(A cos 0,)(B cos 0,)+(A sin 0,)(B sin 0, ) 

A,B, + A,B, = AB(cos 0 ,cos 0, +sin 0,sin 0, ) = ABcos( 8, — 8, ) = AB cos ¢, where the expression for the cosine 


of the difference between two angles has been used. 
(b) With 4, =B, =0, C=C.kand C=|C.|. From Eq.(1.27), 


|c|= 


AB, - A,B, =|(4 cos 0,)(B sin 6,)—(A sin 0,)(B cos 0,) 
|c] = AB|cos8, sin@, —sind, cos6,| = AB\sin(4, -6,)| = ABsin@ , where the expression for the sine of the 


difference between two angles has been used. 

EVALUATE: Since they are equivalent, we may use either Eq.(1.18) or (1.21) for the scalar product and either 
(1.22) or (1.27) for the vector product, depending on which is the more convenient in a given application. 
IDENTIFY: Apply Eqs.(1.18) and (1.22). 

SET Up: The angle between the vectors is 20° +90° + 30° =140°. 


EXECUTE: (a) Eq. (1.18) gives Á- B =(3.60 m)(2.40 m)cos 140° = -6.62 m°. 


(b) From Eq.(1.22), the magnitude of the cross product is (3.60 m)(2.40 m)sin 140° = 5.55 m° and the direction, 
from the right-hand rule, is out of the page (the +z-direction ). 
EVALUATE: We could also use Egs.(1.21) and (1.27), with the components of A and B. 
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1.87. IDENTIFY: Compare the magnitude of the cross product, ABsing , to the area of the parallelogram. 


SETUP: The two sides of the parallelogram have lengths A and B. @ is the angle between A and B. 

EXECUTE: (a) The length of the base is B and the height of the parallelogram is Asing, so the area is ABsing . 
This equals the magnitude of the cross product. 

(b) The cross product A B is perpendicular to the plane formed by A and B , so the angle is 90°. 

EVALUATE: Itis useful to consider the special cases ø = 0° , where the area is zero, and ¢=90° , where the 


parallelogram becomes a rectangle and the area is AB. 
1.88. IDENTIFY: Use Eq.(1.27) for the components of the vector product. 
SETUP: Use coordinates with the +x-axis to the right, +y-axis toward the top of the page, and +z-axis out of 


the page. A,=0, A,=0 and A, =-3.50 cm. The page is 20 cm by 35 cm, so B, = 20 cm and B, =35 cm. 
EXECUTE: (A x B) =122 cm’, (A x B) =-70 cm’, (A x B) =0. 


EVALUATE: From the components we calculated the magnitude of the vector product is 141 cm”. 
B=40.3 cmand ¢=90°, so ABsing=141 cm’, which agrees. 

1.89. IDENTIFY: A and B are given in unit vector form. Find A, B and the vector difference A- B. 
SETUP: A= -2.00i +3.00j+4.00k, B=3.00i +1.00j —3.00k 
Use Eq.(1.8) to find the magnitudes of the vectors. 
EXECUTE: (a) 4= 4/4? +4? + A? = y(-2.00)? + (3.00)? + (4.00)? =5.38 


B= |B? + B? + B? = (3.00) + (1.00} +(-3.00)' = 4.36 


(b) A- B =(-2.00f +3.00} + 4.00Å) - (3.00f +1.00} —3.00K) 
A- B = (-2.00 —3.00)i + (3.00 — 1.00) j + (4.00 — (-3.00) )k = —5.007 + 2.00} +7.00K. 
(c) Let C=A-B, so C, =-5.00, C, =+2.00, C, =+7.00 


C= JC? +C? + C2 = J(-5.00}? + (2.00)? + (7.00)? =8.83 


B-A=-(A-B), so A-B and B-A have the same magnitude but opposite directions. 


EVALUATE: A, B and C are each larger than any of their components. 
1.90. IDENTIFY: Calculate the scalar product and use Eq.(1.18) to determine ¢. 


SETUP: The unit vectors are perpendicular to each other. 


EXECUTE: The direction vectors each have magnitude B , and their scalar product is 
(1)(1) +(1)(-1) +(1)(-1)=—1, so from Eq. (1.18) the angle between the bonds is 


-1 1 
arccos| —=—= |=arccos} —— |=109°. 
V343 ) ( 5) 
EVALUATE: The angle between the two vectors in the bond directions is greater than 90° . 


1.91. IDENTIFY: Use the relation derived in part (a) of Problem 1.92: C? = A? + B? +24AB cosø, where ¢ is the angle 


between A and B. 
SETUP: cosø=0for ¢=90°. cosø <0 for 90° <¢<180° and cosø > 0 for 0°<¢<90°. 


EXECUTE: (a) If C? = A? +B’, cos ġ=0, and the angle between Aand B is 90° (the vectors are 
perpendicular). 
(b) If C? < A? +B’, cosø <0, and the angle between A and B is greater than 90° . 
(©) If C? > 4? +B’, cos¢ > 0, and the angle between A and B is less than 90°. 
EVALUATE: Itis easy to verify the expression from Problem 1.92 for the special cases ø =0 , where C=A+B, 
and for ¢=180°, where C=A-B. 
1.92. IDENTIFY: Let C = A+ Band calculate the scalar product Č -Č . 
SETUP: For any vector V, V -V =V°. A-B = ABcos@. 
EXECUTE: (a) Use the linearity of the dot product to show that the square of the magnitude of the sum A+ B is 


= A’+B°+2ABcos¢ 
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(b) Using the result of part (a), with A= B, the condition is that A” = A’ + A? +2A’cos ø , which solves for 
1=2+2cos¢, cosg=—4, and g=120°. 
EVALUATE: The expression C? = 4* + B? +2 ABcos¢ is called the law of cosines. 
1.93. IDENTIFY: Find the angle between specified pairs of vectors. 
SETUP: Use cos¢= ae 
AB 
EXECUTE: (a) A=k (along line ab) 
B= it+jt+k (along line ad) 


A=], B=NVP +P +P =V3 


So cos¢= ae =1/y3; ġ =54.7° 


(b) A=i+j+k (along line ad) 
B= jt k (along line ac) 
A 


=VP +P +P =V3; B=VP +P =V2 
A-B=(i+j+k)-(i+j)=1+1=2 
ÁB 2 2. 
AB V3V2 V6 
EVALUATE: Each angle is computed to be less than 90°, in agreement with what is deduced from Fig. 1.43 in 
the textbook. 
1.94. IDENTIFY: The cross product Áx B is perpendicular to both A and B. 


SET Up: Use Eq.(1.27) to calculate the components of AxB. 
EXECUTE: The cross product is 


So cos¢= 


p =35.3° 


(—13.00)#+(6.00) j+ (-11.00)k=13 -c.oni+[ 6.00 ins ; 


—— |j-———k |. The magnitude of the vector in square 
13.00 13.00 


brackets is ./1.93, and so a unit vector in this direction is 


—(1.00)i + (6.00/13.00) j—(11.00/13.00)k 
1.93 


The negative of this vector, 


v1.93 


a 


is also a unit vector perpendicular to A and B. 
EVALUATE: Any two vectors that are not parallel or antiparallel form a plane and a vector perpendicular to both 
vectors is perpendicular to this plane. 


1.95. IDENTIFY and SETUP: The target variables are the components of C. We are given A and B. We also know 
A-C and B-C, and this gives us two equations in the two unknowns C, and C,. 
EXECUTE: Á and Č are perpendicular, so A-C =0. A.C, +A,C, =0, which gives 5.0C, —6.5C, =0. 
B-C =15.0, so -3.5C, +7.0C, =15.0 
We have two equations in two unknowns C, and C,. Solving gives C, =8.0 and C, =6.1 
EVALUATE: We can check that our result does give us a vector Č that satisfies the two equations A-C =0 and 
B-C=15.0. 


1.96. IDENTIFY: Calculate the magnitude of the vector product and then use Eq.(1.22). 
SET Up: The magnitude of a vector is related to its components by Eq.(1.12). 
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As [4x B] (-5.00} + (2.00) 
EXECUTE: |4x Bl = 4B sind. sind = = = 0.5984 and 


AB (3.00)(3.00) 
8 = sin ' (0.5984) = 36.8°. 
EVALUATE: We haven't found A and B , just the angle between them. 
1.97. (a) IDENTIFY: Prove that A (B x Č) = (å x B) -C. 


SET Up: Express the scalar and vector products in terms of components. 
EXECUTE: 


A-(Bx6)=4,(Bx6) +4,(Bx€) +4,(Bx6) 


A-(BxC)=4,(B,C, -B.C,)+A,(B.C, -B,C,) +4, (B,C, - B,C,) 


a 


(AxB)-C =(AxB) C +(AxB) C, +(AxB) C, 
(4x B)-C =(4,B.-4.B,)C, +(4.B,-4,B.)C, +(4,B, - 4,B,)C. 

Comparison of the expressions for A (B xC ) and (4 xB ) -Č shows they contain the same terms, so 

A-(Bx€)=(4xB)-¢. 

(b) IDENTIFY: Calculate (4 xB ) -C , given the magnitude and direction of A, B, and C. 


SET Up: Use Eq.(1.22) to find the magnitude and direction of Ax B. Then we know the components of AxB 


and of Č and can use an expression like Eq.(1.21) to find the scalar product in terms of components. 
EXECUTE: A=5.00; 0,=26.0°; B=4.00, 0, =63.0° 


[AxB = ABsin ¢. 

The angle ¢ between A and B is equal to ¢ = 0, -6, =63.0° — 26.0° =37.0°. So 

|A x B| = (5.00)(4.00)sin37.0° =12.04, and by the right hand-rule Ax B is in the +z-direction. Thus 
(4x B): =(12.04)(6.00) = 72.2 


EVALUATE: AB isa vector, so taking its scalar product with C is a legitimate vector operation. (4 xB ) -Č 


is a scalar product between two vectors so the result is a scalar. 

1.98. IDENTIFY: Use the maximum and minimum values of the dimensions to find the maximum and minimum areas 
and volumes. 
SETUP: Fora rectangle of width W and length L the area is LW. For a rectangular solid with dimensions L, W 
and H the volume is LWH. 
EXECUTE: (a) The maximum and minimum areas are (L +/)(W +w)=LW +1W + Lw, 


(L -1 \(wW — w) = LW —IW — Lw, where the common terms wl have been omitted. The area and its uncertainty are 

then WL +(IW + Lw), so the uncertainty in the area is a = IW + Lw. 

a IW+WI 1 
W L 


(b) The fractional uncertainty in the area is y’ the sum of the fractional uncertainties in the 


length and width. 
(c) The similar calculation to find the uncertainty v in the volume will involve neglecting the terms /wH, /Wh and 
Lwh as well as /wh; the uncertainty in the volume is v=/WH + LwH + LWA, and the fractional uncertainty in the 
. v IWH+LwH+LWh l w 

volume is — = =—4 
V LWH L W 


+ ra the sum of the fractional uncertainties in the length, width and 


height. 
EVALUATE: The calculation assumes the uncertainties are small, so that terms involving products of two or more 
uncertainties can be neglected. 

1.99. IDENTIFY: Add the vector displacements of the receiver and then find the vector from the quarterback to the 
receiver. 
SET Up: Add the x-components and the y-components. 
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1.100. 


1.101. 


EXECUTE: The receiver's position is 
[(+1.0+9.0-6.0+12.0) yd] +[(-5.0+11.0+ 4.0 +18.0) yd] j =(16.0 yd)i +(28.0 yd) 7. 
The vector from the quarterback to the receiver is the receiver's position minus the quarterback's position, or 


(16.0 yd)i + (35.0 yd) j , a vector with magnitude (16.0 yd)” +(35.0 yd)” = 38.5 yd. The angle is 


aotan( 29 = 24.6° to the right of downfield. 


EVALUATE: The vector from the quarterback to receiver has positive x-component and positive y-component. 
IDENTIFY: Use the x and y coordinates for each object to find the vector from one object to the other; the distance 
between two objects is the magnitude of this vector. Use the scalar product to find the angle between two vectors. 
SET Up: If object A has coordinates (x,,y,) and object B has coordinates (x5, yp), the vector F,, from A to B 
has x-component x, —x, and y-component y, —y,. 

EXECUTE: (a) The diagram is sketched in Figure 1.100. 


(b) (i) In AU, (0.3182)? + (0.9329)? = 0.9857. 


(ii) In AU, (1.3087)? + (0.4423)? + (-0.0414)? =1.3820. 


(iii) In AU (0.3182 — 1.3087)? +(0.9329 — (-0.4423))? +(0.0414)? =1.695. 


(c) The angle between the directions from the Earth to the Sun and to Mars is obtained from the dot product. 
Combining Equations (1.18) and (1.21), 


(—0.3182)(1.3087 — 0.3182) + (-0.9329)(—0.4423 — 0.9329) + (0) 
(0.9857)(1.695) 


g = arccos | ) = 54.6°. 

(d) Mars could not have been visible at midnight, because the Sun-Mars angle is less than 90°. 

EVALUATE: Our calculations correctly give that Mars is farther from the Sun than the earth is. Note that on this 
date Mars was farther from the earth than it is from the Sun. 


x 


Sun 
Figure 1.100 


IDENTIFY: Draw the vector addition diagram for the position vectors. 

SETUP: Use coordinates in which the Sun to Merak line lies along the x-axis. Let A be the position vector of 
Alkaid relative to the Sun, M is the position vector of Merak relative to the Sun, and R is the position vector for 
Alkaid relative to Merak. A =138 ly and M =77 ly. 

EXECUTE: The relative positions are shown in Figure 1.101. M+R=A. A,=M,+R,so 

R, = A, —M, = (138 ly)cos25.6°—77 ly = 47.5 ly. R, = A, -M =(138 ly)sin25.6°-0=59.6 ly. R=76.2 ly is 
the distance between Alkaid and Merak. 

R, _ 41.5 ly 


x 


(b) The angle is angle ¢ in Figure 1.101. cos = and 6=51.4°. Then ¢=180°-0=129° . 


R 76.2 ly 


EVALUATE: The concepts of vector addition and components make these calculations very simple. 
8 


Figure 1.101 
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1.102. IDENTIFY: Define §=Ai+Bj+Ck . Show that 7-5 =0 if 4x+By+Cz=0. 
SET Up: Use Eq.(1.21) to calculate the scalar product. 
EXECUTE: #-S'=(xi +)j+zk)-(Ai + Bj+Ch) = Ax+By+Cz 


If the points satisfy Ax + By +Cz=0, then F-§=0 and all points F are perpendicular to § . The vector and plane 


are sketched in Figure 1.102. 


EVALUATE: _ If two vectors are perpendicular their scalar product is zero. 
y 


Figure 1.102 


MOTION ALONG A STRAIGHT LINE 


2.1. 


2.2. 


2.3. 


2.4. 


ges Ax 
IDENTIFY: The average velocity is v, = re 
f t 


SETUP: Let +x be upward. 
_ 1000 m- 63 m 


EXECUTE: (a) Vax =197 m/s 

: 4.75 s 
(b) v,., = 1000 m-0 6166 m/s 

' 5.90 s 
F 63 m—0 ea ah Os 
EVALUATE: For the first 1.15 s of the flight, vp, = Sare 54.8 m/s . When the velocity isn’t constant the 
Ss 

average velocity depends on the time interval chosen. In this motion the velocity is increasing. 

Ax 
IDENTIFY:  v,,, =— 

i At 


SETUP: 13.5 days =1.166x10° s . At the release point, x =+5.150x10° m. 


=x _ 5.150x10°m 
At 1.166x10° s 
(b) For the round trip, x, =x, and Ax =0. The average velocity is zero. 


EXECUTE: (a) Vax = = = —4.42 m/s 


EVALUATE: The average velocity for the trip from the nest to the release point is positive. 
IDENTIFY: Target variable is the time Aż it takes to make the trip in heavy traffic. Use Eq.(2.2) that relates the 
average velocity to the displacement and average time. 


SETUP: v= a so Ax=v,,,At and At = ay 
i t v 


EXECUTE: Use the information given for normal driving conditions to calculate the distance between the two 
cities: 

Ax = Vax At = (105 km/h)(1 h/60 min)(140 min) = 245 km. 
Now use v„„ for heavy traffic to calculate At; Ax is the same as before: 


Ax 245 km 
Vay, 70 km/h 


av-x 


At = =3.50 h=3h and 30 min. 


The trip takes an additional 1 hour and 10 minutes. 
EVALUATE: The time is inversely proportional to the average speed, so the time in traffic is 
(105/70)(140 m) = 210 min. 


IDENTIFY: The average velocity is v, = ae Use the average speed for each segment to find the time traveled 
f t 


in that segment. The average speed is the distance traveled by the time. 
SETUP: The post is 80 m west of the pillar. The total distance traveled is 200 m +280 m = 480 m . 


EXECUTE: (a) The eastward run takes time 20 = 40.0 s and the westward run takes ao =70.0 s . The 
s . s 
. . . 480m 
average speed for the entire trip is E =4.4 m/s. 
s 


(b) v Ax —80m 


SS = -0.73 m/s . The average velocity is directed westward. 
“ At 1100s 
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2.5. 


2.6. 


2.7. 


2.8. 


2.9. 


EVALUATE: The displacement is much less than the distance traveled and the magnitude of the average velocity 
is much less than the average speed. The average speed for the entire trip has a value that lies between the average 
speed for the two segments. 

IDENTIFY: When they first meet the sum of the distances they have run is 200 m. 

SETUP: Each runs with constant speed and continues around the track in the same direction, so the distance each 
runs is given by d = vt . Let the two runners be objects A and B. 

LO e i 

11.70 m/s 
(b) d, =v, t =(6.20 m/s)(17.1 s)=106 m . d, = v;t = (5.50 m/s)(17.1 s)=94 m . The faster runner will be 106 m 


from the starting point and the slower runner will be 94 m from the starting point. These distances are measured 
around the circular track and are not straight-line distances. 

EVALUATE: The faster runner runs farther. 

IDENTIFY: To overtake the slower runner the first time the fast runner must run 200 m farther. To overtake the 
slower runner the second time the faster runner must run 400 m farther. 

SETUP: tand xare the same for the two runners. 


EXECUTE: (a) d,+d,=200m, so (6.20 m/s)t+(5.50 m/s)t = 200 m and t= 


EXECUTE: (a) Apply x-— x =v ,f to each runner: (x —x,), =(6.20 m/s)t and (x—x,), =(5.50 m/s)t . 


200 m 
= =(x- + 200 i 6.20 m/s)t = (5.50 m/s)t + 200 dt= =286s. 
(xX —Xy)p =(X- Xp), m gives ( s)t =( s) m an S50 Ts S50 ae s 


(x— Xo): =1770 mand (x-x,), =1570 m. 
(b) Repeat the calculation but now (x-— x); =(x— x), +400 m . t = 572 s . The fast runner has traveled 3540 m. 
He has made 17 full laps for 3400 m and 140 m past the starting line in this 18" lap. 
EVALUATE: In part (a) the fast runner will have run 8 laps for 1600 m and will be 170 m past the starting line in 
his 9" lap. 
IDENTIFY: In time ¢, the S-waves travel a distance d = vt and in time ¢, the P-waves travel a distance 
d =Vplp . 
SETUP: f,=1,+33s 

1 1 
3.5km/s_ 6.5 km/s 
EVALUATE: The times of travel for each wave are t = 71s and ¢, =38s. 


EXECUTE: d a33 s. a( 


)=33 s and d =250 km. 
Vs Vp 
oth Ax 
IDENTIFY: The average velocity is v, = Pe Use x(t) to find x for each t. 
t 


SETUP: x(0)=0, x(2.00 s)=5.60 m, and x(4.00 s) =20.8 m 
_ 5.60 m-0 


EXECUTE: (a) vp, = = +2.80 m/s 
: 2.00 s 
(Dig naa 
' 4.00 s 
© va = 20.8 m- 5.60 m -47.60 m/s 
2.00 s 


EVALUATE: The average velocity depends on the time interval being considered. 
(a) IDENTIFY: Calculate the average velocity using Eq.(2.2). 


SETUP: v= hE so use x(t) to find the displacement Ax for this time interval. 
t 


EXECUTE: ¢=0: x=0 

t=10.0 s: x=(2.40 m/s’)(10.0 s)? —(0.120 m/s*)(10.0 s)? = 240 m—120 m =120 m. 

Then Vax = A = om 
© At 10.0s 

(b) IDENTIFY: Use Eq.(2.3) to calculate v (t) and evaluate this expression at each specified t. 


SETUP: v, = B iya 
© dt 


=12.0 m/s. 


EXECUTE: (i)t=0: v =0 
(ii) £=5.0 s: v, =2(2.40 m/s*)(5.0 s)—3(0.120 m/s*)(5.0 s)? = 24.0 m/s —9.0 m/s =15.0 m/s. 
(iii) t=10.0 s: v, =2(2.40 m/s°)(10.0 s)—3(0.120 m/s*)(10.0 s)? = 48.0 m/s —36.0 m/s =12.0 m/s. 
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2.10. 


2.11. 


2.12. 


(c) IDENTIFY: Find the value of t when v,(t) from part (b) is zero. 
SETUP: v, = 2bt —3ct” 

v, =0 at t=0. 

v, =0 next when 2bt-3ct =0 

2b _ 2(2.40 m/s’) Sia 
3c 30(.120 m/s?) 


EVALUATE: v (t) for this motion says the car starts from rest, speeds up, and then slows down again. 


EXECUTE: 2b=3ct so t= 3s 


IDENTIFY and SET UP: The instantaneous velocity is the slope of the tangent to the x versus ¢ graph. 
EXECUTE: (a) The velocity is zero where the graph is horizontal; point IV. 

(b) The velocity is constant and positive where the graph is a straight line with positive slope; point I. 
(c) The velocity is constant and negative where the graph is a straight line with negative slope; point V. 
(d) The slope is positive and increasing at point II. 

(e) The slope is positive and decreasing at point III. 

EVALUATE: The sign of the velocity indicates its direction. 


IDENTIFY: The average velocity is given by vp, = a We can find the displacement Ar for each constant 
: t 


velocity time interval. The average speed is the distance traveled divided by the time. 

SETUP: For ¢=Oto t=2.0s, v,=2.0 m/s. For t=2.0s to t=3.0s, v, =3.0 m/s. In part (b), 

v, =—3.0 m/s for t=2.0s to t=3.0 s. When the velocity is constant, Ax = v At . 

EXECUTE: (a) For t=0to t=2.0s, Av =(2.0 m/s)(2.0 s) =4.0 m. For t=2.0s to t=3.0s, 

Ax = (3.0 m/s)(1.0 s) =3.0 m. For the first 3.0 s, Ax = 4.0 m+3.0 m=7.0 m . The distance traveled is also 7.0 m. 
Ax 70m 
At 3.08 
(b) For ¢=2.0s to 3.0 s, Ax =(-3.0 m/s)(1.0 s) =-3.0 m . For the first 3.0 s, Ax = 4.0 m+(-3.0 m) = +1.0 m. 
The dog runs 4.0 m in the +x -direction and then 3.0 m in the —x -direction, so the distance traveled is still 7.0 m. 


ees Oe 0.33 m/s. The average speed is ae 
s 


The average velocity is v,,. = = 2.33 m/s. The average speed is also 2.33 m/s. 


= 2.33 m/s. 


Vax = = 

At 30s 
EVALUATE: When the motion is always in the same direction, the displacement and the distance traveled are 
equal and the average velocity has the same magnitude as the average speed. When the motion changes direction 
during the time interval, those quantities are different. 


Av ; oe: 
IDENTIFY and SETUP: a, =—~.. The instantaneous acceleration is the slope of the tangent to the v, versus 


av,x At 


t graph. 

EXECUTE: (a)0sto2s: a,,,=0;2sto4s: a,,,=1.0 m/s"; 4sto6s: ap, =1.5 m/s’; 6 s to8s: 

a,,, =2.5 m/s’; 8 sto 10s: ap, =2.5 m/s*; 10s to 12 s: a, =2.5 m/s*; 12 s to 14s: ap, =1.0 m/s’; 14 s to 
16 s: awx =0 . The acceleration is not constant over the entire 16 s time interval. The acceleration is constant 


between 6 s and 12 s. 
(b) The graph of v, versus ¢ is given in Fig. 2.12. t=9 s: a, =2.5 m/s’; t=13 s: a, =1.0 m/s’; t=15s: a, =0. 
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EVALUATE: The acceleration is constant when the velocity changes at a constant rate. When the velocity is 
constant, the acceleration is zero. 


v,(m/s) 
20 
15 
10 
5 
t(s) 
o 4 8 12 16 
Figure 2.12 
. an A eee Av. 
2.13. IDENTIFY: The average acceleration for a time interval At is given by ap, = gs 
i t 


SETUP: Assume the car is moving in the +x direction. 1 mi/h = 0.447 m/s , so 60 mi/h = 26.82 m/s, 
200 mi/h = 89.40 m/s and 253 mi/h =113.1 m/s . 


EXECUTE: (a) The graph of v, versus ¢ is sketched in Figure 2.13. The graph is not a straight line, so the 


acceleration is not constant. 


(aie 26.82 m/s—0 _ PET E TEE 89.40 m/s — 26.82 m/s L586 w 
2.18 Í 20.0 s—2.1s 
awx = on = m =0.718 m/s’. The slope of the graph of v, versus t decreases as f increases. This is 
s—20.0s 


consistent with an average acceleration that decreases in magnitude during each successive time interval. 
EVALUATE: The average acceleration depends on the chosen time interval. For the interval between 0 and 53 s, 
113.1 m/s—0 
1s ms. 
53 s 


v, (mijh) 


253 F 
200 - 


60 F 


O {2.1 20.0 53.0 


Figure 2.13 
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2.14. 


2.15. 


2.16. 


2.17. 


IDENTIFY: awx = ~, . a,(t) is the slope of the v, versus ¢ graph. 
=: PAR 
SETUP: 60 km/h =16.7 m/s 
EXECUTE: (a) (i) ap, = won =1.7 m/s’. (ii) a, = “ee =-1.7 m/s’. 
s s 


(iii) Av, =0 and awx =0. (iv) Av, =0 and awx =0. 
(b) At t=20 s, v, is constant and a, =0. At t =35 s , the graph of v, versus ¢ is a straight line and 


a, =a,,, =—1.7 m/s’. 
EVALUATE: When a, and v, have the same sign the speed is increasing. When they have opposite sign the 
speed is decreasing. 


IDENTIFY and SET Up: Use v, = i and a, = as 
© dt © dt 


to calculate v (t) and a(t). 


EXECUTE: v,= “ = 2.00 cm/s — (0.125 cm/s’)t 
f t 

ga enn 

dt 
(a) At t=0, x=50.0 cm, v,=2.00 cm/s, a, =—0.125 cm/s’. 
(b) Set v, =0 and solve for t: t =16.0 s. 
(c) Set x =50.0 cm and solve for t. This gives t=0 and t =32.0 s. The turtle returns to the starting point after 
32.0 s. 
(d) Turtle is 10.0 cm from starting point when x = 60.0 cm or x =40.0 cm. 
Set x =60.0 cm and solve for t: t =6.20 s and t =25.8 s. 
At t=6.20 s, v, =+1.23 cm/s. 
At t=25.8 s, v.=—1.23 cm/s. 
Set x =40.0 cm and solve for t: t =36.4 s (other root to the quadratic equation is negative and hence 
nonphysical). 
At t=36.4s, v,=—2.55 cm/s. 
(e) The graphs are sketched in Figure 2.15. 


a Y x 
r t | \ 
: 
t 


Figure 2.15 


EVALUATE: The acceleration is constant and negative. v, is linear in time. It is initially positive, decreases to 
zero, and then becomes negative with increasing magnitude. The turtle initially moves farther away from the origin 
but then stops and moves in the —x-direction. 

IDENTIFY: Use Eq.(2.4), with At=10s in all cases. 

SET UP: v, is negative if the motion is to the right. 

EXECUTE: (a) ((5.0 m/s) (15.0 m/s))/(10 s) =-1.0 m/s? 

(b) ((-15.0 m/s) —(—5.0 m/s))/(10 s) = —1.0 m/s? 

(© ((-15.0 m/s) -(+15.0 m/s))/(10 s) =—3.0 m/s? 

EVALUATE: In all cases, the negative acceleration indicates an acceleration to the left. 

Av, 

At 


SET Up: Assume the car goes from rest to 65 mi/h (29 m/s) in 10 s. In braking, assume the car goes from 65 mi/h 
to zero in 4.0 s. Let +x be in the direction the car is traveling. 
EXECUTE: (a) ay -2m =2.9 m/s” 

s 


IDENTIFY: The average acceleration is a, = 


(i) N 2 a aoe 
$ 4.0s 
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2.18. 


2.19. 


(c) In part (a) the speed increases so the acceleration is in the same direction as the velocity. If the velocity 
direction is positive, then the acceleration is positive. In part (b) the speed decreases so the acceleration is in the 
direction opposite to the direction of the velocity. If the velocity direction is positive then the acceleration is 
negative, and if the velocity direction is negative then the acceleration direction is positive. 

EVALUATE: The sign of the velocity and of the acceleration indicate their direction. 


Av ; : 
>, Use v(t) to find v,at each t. The instantaneous acceleration 
7 x x 


IDENTIFY: The average acceleration is a, = 


A dv, 
is a, =—. 

© dt 
SETUP: v (0)=3.00 m/s and v (5.00 s) = 5.50 m/s. 


Av, _ 5.50 m/s —3.00 m/s 


EXECUTE: (a) a, = — =0.500 m/s? 
© At 5.00 s 
(b) a, = ~ = (0.100 m/s*)(21) = (0.200 m/s*)t. At 1=0, a, =0. At 1=5.00s, a, =1.00 mis”. 
ae ; 


(c) Graphs of v(t) and a,(t) are given in Figure 2.18. 
EVALUATE: a(t) is the slope of v,(¢) and increases at t increases. The average acceleration for t = 0 to 


t = 5.00 s equals the instantaneous acceleration at the midpoint of the time interval, t = 2.50 s , since a,(t) isa 
linear function of t. 

a(t) 

l 


0.9 
0.8 


0|051152253354455 
Figure 2.18 


(a) IDENTIFY and SET UP: v, is the slope of the x versus ¢ curve and a, is the slope of the v, versus f curve. 
EXECUTE: ¢=0 to f=5s:x versus fis a parabola so a, is a constant. The curvature is positive so a, is 
positive. v, versus f is a straight line with positive slope. v,, =0. 

t=5s to t=15 s: x versus fis a straight line so v, is constant and a, =0. The slope of x versus t is positive so 

v, is positive. 

t=15 s to t=25 s: x versus ¢ is a parabola with negative curvature, so a, is constant and negative. v, versus fis a 


straight line with negative slope. The velocity is zero at 20 s, positive for 15 s to 20 s, and negative for 20 s to 25 s. 
t=25s to t=35s: x versus t is a straight line so v, is constant and a, = 0. The slope of x versus ¢ is negative so 


v, is negative. 
t=35s to t=40 s: x versus ¢ is a parabola with positive curvature, so a, is constant and positive. v, versus tis a 
straight line with positive slope. The velocity reaches zero at t = 40 s. 
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The graphs of v (t) and a,(t) are sketched in Figure 2.19a. 


y 


t t t : } } t (s) 
5 10 15 20 25 30 35 40 


t (s) 


Figure 2.19a 


(b) The motions diagrams are sketched in Figure 2.19b. 


ay=0 : 
x 
t= 10s è > x 
a 
= vy, =0 
t= 20s oe X 
a, =0 


Figure 2.19b 


EVALUATE: The spider speeds up for the first 5 s, since v, and a, are both positive. Starting at t=15 s the 
spider starts to slow down, stops momentarily at ¢ = 20 s, and then moves in the opposite direction. At t =35 s the 
spider starts to slow down again and stops at t = 40 s. 

dv, 


2.20. IDENTIFY: v (t)= Z and a,(t)= 


SET UP: Le) =nt"' for n21. 
t 


EXECUTE: (a) v,(t) = (9.60 m/s°)t — (0.600 m/s°)#° and a,(t) =9.60 m/s? — (3.00 m/s°)¢*. Setting v, =0 gives 
t=0and t=2.00s. At t=0, x=2.17 mand a, =9.60 m/s’. At t =2.00 s, x=15.0 mand a, =-38.4 m/s’. 
(b) The graphs are given in Figure 2.20. 
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EVALUATE: For the entire time interval from ¢ =0 to t= 2.00 s, the velocity v, is positive and x increases. 


While a, is also positive the speed increases and while a, is negative the speed decreases. 
x(t) vy (0) 


15 15 
11.25 f 10 
7.5 5 
3.5 0 
= = t 
0 OS riers eS GOs Wiss 22s 
a(t) 
10 
2.5 
-5 
-12.5 
-20 ; 
oes E STAA 
Figure 2.20 


2.21. IDENTIFY: Use the constant acceleration equations to find v, and a,. 
(a) SETUP: The situation is sketched in Figure 2.21. 


y Vy = 15.0 m/s x= xX = 70.0 m 
a o x t=7.00 s 
v, =15.0 m/s 
Xo 7 0 x = 70.0 m v = 9 
t=0 t =7.00 s me 
Figure 2.21 
EXECUTE: Use x-x, = [> +v, }. SO VY, = ARTN) v= 2000) 15.0 m/s =5.0 m/s. 
2 i t f 7.00 s 
(b) Use v, =v, +a,t, So a, = a a =1.43 m/s’. 
i t 7.00 s 


EVALUATE: The average velocity is (70.0 m)/(7.00 s) =10.0 m/s. The final velocity is larger than this, so the 
antelope must be speeding up during the time interval; v, <v, and a, >0. 


2.22. IDENTIFY: Apply the constant acceleration kinematic equations. 
SET Up: Let +x be in the direction of the motion of the plane. 173 mi/h = 77.33 m/s . 307 ft =93.57 m. 


EXECUTE: (a) w, =0, v,=77.33 m/sand x—x, =93.57 m. v? =v, +2a,(x —x,) gives 
_ v= vo, _ (77.33 m/s)’ -0 


a, = = 32.0 m/s’. 
2(x—x,)  2(93.57 m) 


2(x—X)) _ 2(93.57 m) 
Vo, tv,  O+77.33 m/s 


EVALUATE: Either v, =v, +4,f or x— x, =V),t +4a,t’ could also be used to find ¢ and would give the same 


=2.42 s 


(b) x- x = (et>) gives t = 


result as in part (b). 
2.23. IDENTIFY: For constant acceleration, Eqs. (2.8), (2.12), (2.13) and (2.14) apply. 
SETUP: Assume the ball starts from rest and moves in the +x-direction. 
EXECUTE: (a) x—x, =1.50m, v, =45.0 m/sand v, =0. v2 =v, +2a,(x-— x) gives 
E v-v _ (45.0 m/s)? A 


a, = 675 m/s’. 
2(x—-x,) 2(1.50 m) 


(b) x- x = (et) Har e W AR gei 
2 Vo tv, 45.0 m/s 
v, 45.0 m/s . 7 
EVALUATE: We could also use v, =v, +a,¢ to find t = — = ae = 0.0667 s which agrees with our 
a, s 


ie 


previous result. The acceleration of the ball is very large. 
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2.25. 


2.26. 


2.27. 


2.28. 


IDENTIFY: For constant acceleration, Eqs. (2.8), (2.12), (2.13) and (2.14) apply. 
SET Up: Assume the ball moves in the +x direction. 


EXECUTE: (a) v, =73.14 m/s, v,, =0 and t =30.0 ms. v, =v, +a,t gives 
V, — Vos _ 73.14 m/s —0 


x 


a = =2440 m/s’. 


“o t 30.0x10° s 


(b) x- x, (1i) (10 me \30.0%10° s)=1.10 m 


EVALUATE: We could also use x- x; = vt ++a,t to calculate x- x, : 


xX— xX, =4(2440 m/s°)(30.0x10° s)? =1.10 m , which agrees with our previous result. The acceleration of the ball 
is very large. 

IDENTIFY: Assume that the acceleration is constant and apply the constant acceleration kinematic equations. Set 
la,| equal to its maximum allowed value. 


SET Up: Let +x be the direction of the initial velocity of the car. a, =-250 m/s? . 105 km/h = 29.17 m/s . 


2v  0-(29.1 : 
EXECUTE: v, =+29.17 m/s. v, =0. v? =v, +2a (x- x) gives x- x= Ca os (DT an = 
l i f f 2a, 2(—250 m/s“) 


EVALUATE: The car frame stops over a shorter distance and has a larger magnitude of acceleration. Part of your 
1.70 m stopping distance is the stopping distance of the car and part is how far you move relative to the car while 
stopping. 

IDENTIFY: Apply constant acceleration equations to the motion of the car. 

SETUP: Let +x be the direction the car is moving. 


1.70m. 


EXECUTE: (a) From Eq. (2.13), with v, =0, a, = ve o 20 m/s)’ 
2(x—-x,) 2020 m) 

(b) Using Eq. (2.14), t= 2(x —x,)/v, =2(120 m)/(20 m/s) =12 s. 

(©) (12 s)(20 m/s) =240 m. 


EVALUATE: The average velocity of the car is half the constant speed of the traffic, so the traffic travels twice as 
far. 


=1.67 m/s’. 


Av, 


. For constant acceleration, Eqs. (2.8), (2.12), (2.13) and (2.14) 
t 


IDENTIFY: The average acceleration is a, = 


apply. 
SET Up: Assume the shuttle travels in the +x direction. 161 km/h = 44.72 m/s and 1610 km/h = 447.2 m/s . 
1.00 min = 60.0 s 


Av, _ 44.72 m/s—0 


EXECUTE: (a) (i) a, = — =5.59 m/s? 
At 8.00 s 
ee 447.2 m/s — 44.72 m/s =7.74 mis? 
i 60.0 s — 8.00 s 


(b) (i) t=8.00s, v, =0, and v, =44.72 m/s. x noe) (2 ms ) isoo s)=179 m. 


(ii) At = 60.0 s—8.00 s =52.0s, v, =44.72 m/s, and v, = 447.2 m/s. 
& m) (=? m/s + 447.2 m/s 
X-X,= E =jt= 


2 2 


EVALUATE: When the acceleration is constant the instantaneous acceleration throughout the time interval equals 
the average acceleration for that time interval. We could have calculated the distance in part (a) as 


J20 s) =1.28x10* m. 


X— Xo = Vt +44 t° =4+(5.59 m/s*)(8.00 s) =179 m, which agrees with our previous calculation. 
IDENTIFY: Apply the constant acceleration kinematic equations to the motion of the car. 
SETUP: 0.250 mi =1320 ft. 60.0 mph = 88.0 ft/s . Let +x be the direction the car is traveling. 
EXECUTE: (a) braking: v,, =88.0 ft/s, x— x, =146 ft, v, =0. v? =v}, +2a,(x-x,) gives 
Ps v? =v _ 0-(88.0 ft/s)? _ 
*  2(x—Xx,) 2(146 ft) 
Speeding up: v, =0, x— x, =1320 ft, £=19.9 s. x-x,=v,f+Fa,0° gives 
2(x—x,)  2(1320 ft) 
a. =i = 5 
i (19.9 s) 


26.5 ft/s? 


= 6.67 ft/s? 
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(b) v, = vo, +a,t=0+(6.67 ft/s*)(19.9 s) =133 ft/s =90.5 mph 
Cee Vy Vox 0 -88.0 se 2 
a, —26.5 ft/s 
EVALUATE: The magnitude of the acceleration while braking is much larger than when speeding up. That is why 
it takes much longer to go from 0 to 60 mph than to go from 60 mph to 0. 
2.29. IDENTIFY: The acceleration a, is the slope of the graph of v, versus t. 
SET Up: The signs of v, and of a, indicate their directions. 
EXECUTE: (a) Reading from the graph, at t=4.0s, v, =2.7 cm/s, to the right and at t =7.0 s , v, =1.3 cm/s, 
to the left. 
: : : ; 8.0 cm/s j ae 
(b) v, versus żź is a straight line with slope -————— = -1.3 cm/s’ . The acceleration is constant and equal to 
1.3 cm/s’, to the left. It has this value at all times. 
(c) Since the acceleration is constant, x—x, = vt ++4a,t° . For t=0to 4.5 s, 
xX—X, =(8.0 cm/s)(4.5 s)+4(-1.3 cm/s” )(4.5 s) = 22.8 cm. For t =0 to 7.5 s, 
x— x, = (8.0 cm/s)(7.5 s)+4(-1.3 cm/s’)(7.5 s)? = 23.4 cm 
(d) The graphs of a, and x versus ¢ are given in Fig. 2.29. 
EVALUATE: In part (c) we could have instead used x — x, = aS Yy } ; 
a, Xx 
— t 
Oo 
— 1.3 m/s? P 
O 
Figure 2.29 
2.30. IDENTIFY: Use the constant acceleration equations to find x, v, , v, and a, for each constant-acceleration 


segment of the motion. 
SETUP: Let +x be the direction of motion of the car and let x = 0 at the first traffic light. 


EXECUTE: (a) For t=0to ¢=8s: s[e) (R me s)=80m. 


a => u = ae = +2.50 m/s’. The car moves from x =0 to x=80 m. The velocity v, increases linearly 
t S 


from zero to 20 m/s. The acceleration is a constant 2.50 m/s’. 
Constant speed for 60 m: The car moves from x =80 mto x=140 m . v, is a constant 20 m/s. a, =0. This 


GUm aie, 


interval starts at £ =8 s and continues until t = 
s 


Slowing from 20 m/s until stopped: The car moves from x =140 m to x =180 m . The velocity decreases linearly 


from 20 m/s to zero. x-— xX) = Yor +V, t gives t >e CN =4s. v? =v, +2a,(x—x,) gives 
2 20 m/s +0 : i 
2 
a, = zL =—5.00 m/s? This segment is from ¢=11s to ż=15 s . The acceleration is a 
2(40 m) 


constant —5.00 m/s”. 
The graphs are drawn in Figure 2.30a. 
(b) The motion diagram is sketched in Figure 2.30b. 


Motion Along a Straight Line 2-11 


2.31. 


EVALUATE: When @and Y are in the same direction, the speed increases (t=0 to t=8 s). When @and Y are in 
opposite directions, the speed decreases (t =11s to t=15 s ). When a=0 the speed is constant t=8sto t=11s. 


x (m) Y (m/s) 
200 30 
150 20 
100 
10 
50 


t(s) t(s) 
0 10 20 0 10 20 


0 


l 2. 4 6 R 10,12 14 16 18 2 


t (S) 


—4 Oo 


a a 
(a) (b) 
Figure 2.30a-b 


(a) IDENTIFY and SET UP: The acceleration a, at time ż is the slope of the tangent to the v, versus ¢ curve at 


time ¢. 
EXECUTE: At t=3 s, the v, versus ¢ curve is a horizontal straight line, with zero slope. Thus a, = 0. 


45 m/s — 20 m/s 
9s-5s 


At t=7 s, the v, versus ¢ curve is a straight-line segment with slope =6.3 m/s’. 


Thus a, =6.3 m/s’. 
; : s y ; -0-4 
At t=11 s the curve is again a straight-line segment, now with slope Pear =-11.2 m/s’. 
s—9s 
Thus a, =—11.2 m/s’. 
EVALUATE: a,=0 when v, is constant, a, >0 when v, is positive and the speed is increasing, and a, <0 
when v, is positive and the speed is decreasing. 


(b) IDENTIFY: Calculate the displacement during the specified time interval. 

SET Up: We can use the constant acceleration equations only for time intervals during which the acceleration is 
constant. If necessary, break the motion up into constant acceleration segments and apply the constant acceleration 
equations for each segment. For the time interval t=0 to t=5 s the acceleration is constant and equal to zero. 


For the time interval t=5 s to t=9s the acceleration is constant and equal to 6.25 m/s’. For the interval t=9 s 
to t=13s the acceleration is constant and equal to —11.2 m/s’. 

EXECUTE: During the first 5 seconds the acceleration is constant, so the constant acceleration kinematic formulas 
can be used. 

Vx =20 m/s a,=0 t=5s x-x, =? 

X—X)=Vp,t (a,=0 sono 4af term) 

x — x, =(20 m/s)(5 s) =100 m; this is the distance the officer travels in the first 5 seconds. 


During the interval t=5 s to 9 s the acceleration is again constant. The constant acceleration formulas can be 
applied to this 4 second interval. It is convenient to restart our clock so the interval starts at time t=0 and ends at 
time t=5 s. (Note that the acceleration is not constant over the entire t=0 to t=9 s interval.) 


Vo, =20 m/s a,=6.25 m/s? t=4s x,=100m x-x, =? 
XX) =Vy,tt4at? 

x—Xx, =(20 m/s)(4 s)+4(6.25 m/s*)(4 s)? =80 m+50 m=130 m. 
Thus x—x, +130 m=100 m+130 m= 230 m. 
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2.32. 


2.33. 


At t=9 s the officer is at x = 230 m, so she has traveled 230 m in the first 9 seconds. 

During the interval t=9s to f=13s the acceleration is again constant. The constant acceleration formulas can be 
applied for this 4 second interval but not for the whole t=0 to t=13 s interval. To use the equations restart our 
clock so this interval begins at time t=0 and ends at time tf =4 s. 

Voy = 45 m/s (at the start of this time interval) 

a,=-11.2 m/s? t=4s x,=230m x-x,=? 

XX) =Vy,t+4a,t? 

x— xo =(45 m/s)(4 s)+4(-11.2 m/s*)(4 s) =180 m-89.6 m=90.4 m. 

Thus x =x, +90.4 m =230 m +90.4 m =320 m. 

At t=13 s the officer is at x =320 m, so she has traveled 320 m in the first 13 seconds. 


EVALUATE: The velocity v, is always positive so the displacement is always positive and displacement and 
distance traveled are the same. The average velocity for time interval At is v„„ =Ax/At. For t=0 to 5s, 
Vy. =20 m/s. For t=0 to 9s, v,,.=26 m/s. For t=0 to 13s, v,,, =25 m/s. These results are consistent with 


Fig. 2.33. 
IDENTIFY: In each constant acceleration interval, the constant acceleration equations apply. 


SET Up: When a, is constant, the graph of v, versus ¢ is a straight line and the graph of x versus ¢ is a parabola. 
When a, =0, v, is constant and x versus ¢ is a straight line. 
EXECUTE: The graphs are given in Figure 2.32. 
EVALUATE: The slope of the x versus ¢ graph is v (t) and the slope of the v, versus ¢ graph is a(t). 

Uy x(m) 

150 

5(m/s) 
100 


0 10 20 30 40 
50 


—5(m/s) 


t (s) 


0 10 20 30 

Figure 2.32 
(a) IDENTIFY: The maximum speed occurs at the end of the initial acceleration period. 
SETUP: a,=20.0 m/s* t=15.0 min=900s vw, =0 v, =? 
V, = Vo tat 
EXECUTE: v, = 0+ (20.0 m/s’)(900 s) =1.80x10* m/s 
(b) IDENTIFY: Use constant acceleration formulas to find the displacement Ax. The motion consists of three 
constant acceleration intervals. In the middle segment of the trip a, =0 and v, =1.80x10* m/s, but we can’t 


directly find the distance traveled during this part of the trip because we don’t know the time. Instead, find the 
distance traveled in the first part of the trip (where a, = +20.0 m/s”) and in the last part of the trip (where 


a, = —20.0 m/s” ). Subtract these two distances from the total distance of 3.84x10* m to find the distance traveled 
in the middle part of the trip (where a, =0). 


first segment 
SETUP: x-x,=? t=15.0 min=900s a,=+20.0 m/s’ vy, =0 


X — Xo =Vo,f + tat 
EXECUTE: x- x, =0++(20.0 m/sê\(900 s)? =8.10x10° m =8.10x10° km 


second segment 
SETUP: x-x,=? t=15.0 min =900 s a, =-20.0 m/s? 


vo, =1.80x10* m/s 

X — Xo = Vot + tat? 

EXECUTE: x —X) =(1.80x10* s)(900 s) +4(-20.0 m/s”)(900 s)? =8.10x10° m=8.10x10° km (The same 
distance as traveled as in the first segment.) 
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2.35 


2.36. 


Therefore, the distance traveled at constant speed is 
3.84x10° m—8.10x10° m—8.10x10° m =3.678x10° m =3.678x10° km. 
3.678 x 10° m 


The fraction this is of the total distance is -~——_—_ = 0.958. 
3.84x10° m 


(c) IDENTIFY: We know the time for each acceleration period, so find the time for the constant speed segment. 

SETUP: x —x, =3.678x10° m v, =1.80x10* m/s a,=0 t=? 

X — Xo = Vot + tat? 

Exrcori: yi4 3.678x10° m 
ox 1.80x10* m/s 

The total time for the whole trip is thus 15.0 min + 340.5 min +15.0 min =370min. 

EVALUATE: Ifthe speed was a constant 1.80x10* m/s for the entire trip, the trip would take 

(3.84 10° m)/(1.80x10* m/s) =356 min. The trip actually takes a bit longer than this since the average velocity is 


=2.043x10* s =340.5 min. 


V, 


less than 1.80x10° m/s during the relatively brief acceleration phases. 

IDENTIFY: Use constant acceleration equations to find x-— x, for each segment of the motion. 
SETUP: Let +x be the direction the train is traveling. 

EXECUTE: 1f=0 to 14.0 s: x—x) =v,t+4a,0 =4(1.60 m/s’)(14.0 s)? =157 m. 

At t =14.0 s , the speed is v, =v, + a,t = (1.60 m/s’ )(14.0 s) = 22.4 m/s . In the next 70.0 s, a, =0 and 
X — Xy = Vat = (22.4 m/s)(70.0 s) = 1568 m. 


For the interval during which the train is slowing down, v, = 22.4 m/s, a, =—3.50 m/s” and v, =0. 
v? =v, _0-(22.4 m/s)’ _ 


v? =v, +2a (x—- x) gives x—XxX, = TA = X350 ms 

The total distance traveled is 157 m +1568 m +72 m =1800 m. 

EVALUATE: The acceleration is not constant for the entire motion but it does consist of constant acceleration 
segments and we can use constant acceleration equations for each segment. 


IDENTIFY: v (t)is the slope of the x versus ¢ graph. Car B moves with constant speed and zero acceleration. 


Car A moves with positive acceleration; assume the acceleration is constant. 
SET Up: For car B, v, is positive and a, =0. For car A, a, is positive and v, increases with ¢. 


EXECUTE: (a) The motion diagrams for the cars are given in Figure 2.35a. 
(b) The two cars have the same position at times when their x-t graphs cross. The figure in the problem shows this 
occurs at approximately t=1sand t=3s. 


(c) The graphs of v, versus ¢ for each car are sketched in Figure 2.35b. 

(d) The cars have the same velocity when their x-t graphs have the same slope. This occurs at approximately 
t=2s. 

(e) Car A passes car B when x, moves above x, in the x-t graph. This happens at t=3 s. 

(£) Car B passes car A when x, moves above x, in the x-t graph. This happens at t=1s. 

EVALUATE: When a, =0, the graph of v, versus ¢ is a horizontal line. When a, is positive, the graph of 
v, versus ¢ is a straight line with positive slope. 


Vy (m/s ) 


t (s) 


(a) (b) 
Figure 2.35a-b 


IDENTIFY: Apply the constant acceleration equations to the motion of each vehicle. The truck passes the car 
when they are at the same x at the same ¢>0. 
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SET Up: The truck has a, =0. The car has v,, =0. Let +x be in the direction of motion of the vehicles. Both 

vehicles start at x, =0. The car has a, =3.20 m/s” . The truck has v, = 20.0 m/s. 

EXECUTE: (a) x- X =V,f +44, gives x, =v), and x, =+a,t’ . Setting x, =x, gives t=O and Vor =4act , so 

t= Pin aA OR wa =12.5 s . At this £, x, = (20.0 m/s)(12.5 s)=250 mand x =4(3.20 m/s’)(12.5 s)? =250 m. 
ac 3.20 m/s 

The car and truck have each traveled 250 m. 

(b) At ¢=12.5 s , the car has v, = v, + a,t = (3.20 m/s?)(12.5 s) =40 m/s. 


(c) x; = Vt and xo =Łaçt’ . The x-t graph of the motion for each vehicle is sketched in Figure 2.36a. 


(d) vr =Vor- Vo =act . The v,-t graph for each vehicle is sketched in Figure 2.36b. 
EVALUATE: When the car overtakes the truck its speed is twice that of the truck. 
x (m) 
400 Vy (m/s) 
360 
=- Xc(0) A 

320 7 40 
280 + 
240 
200 $ F 7 
160 $ -i feri 20 
120 ; a 

80 + 

40 of 


t (s) 
15 


(a) (b) 
Figure 2.36a-b 


2.37. IDENTIFY: For constant acceleration, Eqs. (2.8), (2.12), (2.13) and (2.14) apply. 

SETUP: Take +y to be downward, so the motion is in the +y direction. 19,300 km/h = 5361 m/s, 

1600 km/h = 444.4 m/s , and 321 km/h =89.2 m/s. 4.0 min=240s. 

EXECUTE: (a) Stage A: t= 240s, v, =5361 m/s, v, =444.4 m/s. v, =v, +4,t gives 

ite Vy = Voy _ 444.4 m/s—5361 m/s _ 

2 t 240 s 

Stage B: t=94 s, vy, =444.4 m/s, v, =89.2 m/s. V, =V, +a,t gives 

V, — Voy _ 89.2 m/s — 444.4 m/s 
t 94 s 
Stage C: y- y, =75m, vw, =89.2 m/s, v, =0. v? =v, +2a,(y— yo) gives 
pen V =V _ 0- (89.2 mis)’ 
” Ay-y) 2(75 m) 

upward. 


(b) Stage A: y- y, -( 


20.5 m/s’. 


=-3.8 m/s’. 


a, = 


= -53.0 m/s’. In each case the negative sign means that the acceleration is 


Voy +V, } S (4 m/s + 444.4 m/s 
2 2 


444.4 m/s +89.2 m/s 
2 


Stage C: The problem states that y — y, =75 m = 0.075 km. 


The total distance traveled during all three stages is 697 km +25 km + 0.075 km = 722 km. 
EVALUATE: The upward acceleration produced by friction in stage A is calculated to be greater than the upward 
acceleration due to the parachute in stage B. The effects of air resistance increase with increasing speed and in 
reality the acceleration was probably not constant during stages A and B. 

2.38. IDENTIFY: Assume an initial height of 200 m and a constant acceleration of 9.80 m/s”. 
SET Up: Let +y be downward. 1 km/h = 0.2778 m/s and 1 mi/h = 0.4470 m/s. 


exo s)=697 km. 


Stage B: y- y -( Joos s)=25 km. 
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2.40. 


2.41. 


2.42. 


EXECUTE: (a) y—y, =200m, a, =9.80 m/s’, Vy, =0. vy = Vis +2a,(y— yo) gives 


v, = J2(9.80 m/s?)(200 m) = 60 m/s = 200 km/h = 140 mi/h . 


(b) Raindrops actually have a speed of about 1 m/s as they strike the ground. 

(c) The actual speed at the ground is much less than the speed calculated assuming free-fall, so neglect of air 
resistance is a very poor approximation for falling raindrops. 

EVALUATE: Inthe absence of air resistance raindrops would land with speeds that would make them very 
dangerous. 

IDENTIFY: Apply the constant acceleration equations to the motion of the flea. After the flea leaves the ground, 
a, =g, downward. Take the origin at the ground and the positive direction to be upward. 


(a) SETUP: At the maximum height v, =0. 

v,=0 y-y, =0.440m a, =—9.80 m/s? Voy =? 

v = Voy + 2a,(y re Yo) 

EXECUTE: vo, = ,/—2a,(y— Yo) = 2(-9.80 m/s*)(0.440 m) = 2.94 m/s 
(b) SET Up: When the flea has returned to the ground y- y, =0. 
Y-Yy=0 vw, =+2.94 m/s a, =-9.80 m/s’ t=? 


= 1 2 
V= Yo = Vo yt + z4% 


2 
EXECUTE: With y—y, =0 this gives t= hi p AC i) = 0.600 s. 
a —9.80 m/s 


y 


EVALUATE: We canuse v, =v, +a,t to show that with Voy = 2.94 m/s, v= 0 after 0.300 s. 


IDENTIFY: Apply constant acceleration equations to the motion of the lander. 
SETUP: Let +y be positive. Since the lander is in free-fall, a, = +1.6 m/s”. 


EXECUTE: v,,=0.8 m/s, y—y,=5.0m, a,=+1.6 m/s’ in v? =v, +2a,(y—y,) gives 
0y Yy Yo y y Oy y y 0 


v, = vè, +2a, (Y — yo) = (0.8 m/s)? +2(1.6 m/s?)(5.0 m) =4.1 mis. 


EVALUATE: The same descent on earth would result in a final speed of 9.9 m/s, since the acceleration due to 
gravity on earth is much larger than on the moon. 

IDENTIFY: Apply constant acceleration equations to the motion of the meterstick. The time the meterstick falls is 
your reaction time. 


SETUP: Let +y be downward. The meter stick has v,, =0 and a, =9.80 m/s? . Let d be the distance the 


meterstick falls. 


, d 
EXECUTE: (a) y- y= wt tia t gives d = (4.90 m/s”)t” and t= £90 m/s? . 
.1 
(b) r= [Sm 0.199 s 
4.90 m/s 


EVALUATE: The reaction time is proportional to the square of the distance the stick falls. 
IDENTIFY: Apply constant acceleration equations to the vertical motion of the brick. 


SETUP: Let +y be downward. a, =9.80 m/s? 

EXECUTE: (a) vw, =0, f=2.50s, a, =9.80 m/s’. y—y, =V,t++a,t =4(9.80 m/s’)(2.50 s)? =30.6 m . The 
building is 30.6 m tall. 

(b) v, =v, +4,f =0+(9.80 m/s”)(2.50 s) = 24.5 m/s 

(c) The graphs of a,, v, and y versus ¢ are given in Fig. 2.42. Take y =0 at the ground. 
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Vy +V, 
EVALUATE: We could use either y- y, -| oy ; y 


} or v = Voy + 2a,(y— yo) to check our results. 


ay Vy b Aa Va 


oO Oo O 


Figure 2.42 


2.43. IDENTIFY: When the only force is gravity the acceleration is 9.80 m/s? , downward. There are two intervals of 
constant acceleration and the constant acceleration equations apply during each of these intervals. 
SETUP: Let +y be upward. Let y =0at the launch pad. The final velocity for the first phase of the motion is the 
initial velocity for the free-fall phase. 
EXECUTE: (a) Find the velocity when the engines cut off. y- y, =525 m, a, =+2.25 m/s’, Vv, =0. 


vi =v, +2a,(y — yp) gives v, = /2(2.25 m/s’)(525 m) = 48.6 m/s . 
Now consider the motion from engine cut off to maximum height: y, =525 m, Vo, = +48.6 m/s, v, =0 (at the 


-vy 0- : 
maximum height), a, =—9.80 m/s? . v? =v, + 2a,(y—y) gives y- y = — *= a m =121 m and 
‘ 


y=121m+525 m= 646 m. 
(b) Consider the motion from engine failure until just before the rocket strikes the ground: y— y, =—525 m, 


a, =—9.80 m/s’, Voy = +48.6 m/s. v = Vis +2a,(y—yo) gives 


v,=vV, 


v= —/(48.6 m/s)? + 2(—9.80 m/s?)(—525 m) =—112 m/s. Then V, = Vo +4,f gives 
e Oy _ 


-112 m/s —48.6 m/s _ 
a —9.80 m/s? 


y 


16.4 s 


(c) Find the time from blast-off until engine failure: y- y, =525 m, w, =0, a, =+2.25 m/s. 


Uy- yo) ie m) 
-y =v, t+Ła ť gives t= = =21.6 s . The rocket strikes the launch pad 
NS I Ee | a, 2.25 mis? 


21.6 s+16.4 s =38.0 s after blast off. The acceleration a, is +2.25 m/s’ from ¢=0 to ¢=21.6s. It is 

—9.80 m/s’ from t= 21.6 sto 38.0s. V, =V, +4,t applies during each constant acceleration segment, so the 
graph of v, versus ¢ is a straight line with positive slope of 2.25 m/s? during the blast-off phase and with negative 
slope of —9.80 m/s’ after engine failure. During each phase y- y, = Vo yt + lat . The sign of a, determines the 
curvature of y(t). At t =38.0 s the rocket has returned to y =0. The graphs are sketched in Figure 2.43. 
t+ta,t° , finding v, first allows us to 


EVALUATE: In part (b) we could have found the time from y- yo = Vo, 


avoid solving for ¢ from a quadratic equation. 
a, 


V, y 
4 
2.25 mjs? ae 48.6 m/s 
l l t 646 m F 
O 21.6s 38.0s f i 525m + 
i 
l O 21.6 s\ 38.0 s 
l 
l 
l L ; 
i O 21.65 38.0 s 
> l 9 r 2 
—9.80 mjs? + — 112 m/s 


Figure 2.43 
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IDENTIFY: Apply constant acceleration equations to the vertical motion of the sandbag. 
SETUP: Take +y upward. a, =—9.80 m/s? . The initial velocity of the sandbag equals the velocity of the 


balloon, so v, = +5.00 m/s . When the balloon reaches the ground, y -— y, = —40.0 m . At its maximum height the 
sandbag has v, =0. 

EXECUTE: (a) f=0.250s: y-y,= vy t+4a,t° = (5.00 m/s)(0.250 s) + +(—9.80 m/s’)(0.250 s)? =0.94 m. The 
sandbag is 40.9 m above the ground. v, =v, +a,t = +5.00 m/s + (-9.80 m/s”)(0.250 s) = 2.55 m/s. 

t=1.00s: y— y, =(5.00 m/s)(1.00 s) +4(—9.80 m/s*)(1.00 s)? =0.10 m . The sandbag is 40.1 m above the 
ground. v, =v, +a,t=+5.00 m/s + (9.80 m/s’)(1.00 s) = —4.80 m/s . 

(b) y—y, =-40.0 m, v,, =5.00 m/s, a, =-9.80 m/s’. y- y =v, f+4a,0° gives 

—40.0 m = (5.00 m/s)t — (4.90 m/s’)r. (4.90 m/s”)t? — (5.00 m/s)t — 40.0 m = 0 and 


t= sali an K 5.00)? — 4(4.90)( 40.0)] s=(0.51+2.90) s . £ must be positive, so f=3.41s. 


(c) v, = vo, +4,t =+5.00 m/s + (—9.80 m/s’)(3.41 s) =—28.4 m/s 


(d) v, =5.00 m/s, a, =—-9.80 m/s’, v, =0. v? =, +2a,(y—yy) gives 


2 p 2 = 3 
y=» = fea pees CU apis) =1.28 m. The maximum height is 41.3 m above the ground. 
2a 2(—9.80 m/s“) 


y 


(e) The graphs of a,, v,, and y versus ¢ are given in Fig. 2.44. Take y =0 at the ground . 


EVALUATE: The sandbag initially travels upward with decreasing velocity and then moves downward with 


increasing speed. 
3 


~ 


O 


Figure 2.44 
IDENTIFY: The balloon has constant acceleration a,=8, downward. 
(a) SETUP: Take the +y direction to be upward. 
t=2.00s, v,,=—6.00 m/s, a, =—9.80 m/s’, v=? 
EXECUTE: v, =v), +4,f=—6.00 m/s +(—9.80 m/s”)(2.00 s) = -25.5 m/s 
(b) SETUP: y-y =? 
EXECUTE: y—y, =¥%,f++a,t° =(—6.00 m/s)(2.00 s)++(-9.80 m/s?)(2.00 s)? = -31.6 m 
(c) SETUP: y-y,=-10.0m, v, =—6.00 m/s, a, =—9.80 m/s’, v=? 
v =v, +2a,(y— yy) 
EXECUTE: v, =~ fv, +2a,(y—y,) =—\(-6.00 m/s)? + 2(-9.80 m/s*)(-10.0 m) =-15.2 m/s 
(d) The graphs are sketched in Figure 2.45. 


ay y 


Figure 2.45 


EVALUATE: The speed of the balloon increases steadily since the acceleration and velocity are in the same 
direction. b, =25.5 m/s when |y- y,|=31.6 m, so b, is less than this (15.2 m/s) when |y — y,| is less (10.0 m). 
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2.46. IDENTIFY: Since air resistance is ignored, the egg is in free-fall and has a constant downward acceleration of 
magnitude 9.80 m/s? . Apply the constant acceleration equations to the motion of the egg. 
SETUP: Take +y to be upward. At the maximum height, v, =0. 


EXECUTE: (a) y—y,=-50.0m, ¢=5.00s, a, =—9.80 m/s’. y-n = vwt tta t gives 


Y-M 1 —50.0 m 
= a t — 
me pe 2? 500s 
(b) v, =+14.5 m/s , v, =0 (at the maximum height), a, =—9.80 m/s’. v = Voy +2a,(y—yo) gives 


1 (9.80 m/s?)(5.00 s) = +14.5 m/s . 


v 


vi =v, _ 0- (14.5 m/s)? 
y- = = = 


=~ =10.7 m. 
2a, 2(—9.80 m/s”) 


(c) At the maximum height v, =0. 


(d) The acceleration is constant and equal to 9.80 m/s’ , downward, at all points in the motion, including at the 
maximum height. 
(e) The graphs are sketched in Figure 2.46. 


; À . eure V, =V, —14.5 m/s 
EVALUATE: The time for the egg to reach its maximum height is t = ——— = eae =1.48 s . The egg has 
—9.8 m/s 
p 
returned to the level of the cornice after 2.96 s and after 5.00 s it has traveled downward from the cornice for 
2.04 s. 
y(t) (m) v(t) (m/s) ay (m/s) 
0 
25 
—10 
—15 
t(s) —20 t (s) 
o) 123 4 5 


Figure 2.46 


2.47. IDENTIFY: Use the constant acceleration equations to calculate a, and x- xy. 
(a) SETUP: v, =224 m/s, vy, =0, t=0.900s, a, =? 
Vi =V + at 
EXECUTE: a, = Vy Vos _ 224 m/s —0 
: t 0.900 s 
(b) a,/g =(249 m/s’) /(9.80 m/s’) = 25.4 
(©) x- xX = Vot +44, =0+4(249 m/s”)(0.900 s)? =101 m 
(d) SETUP: Calculate the acceleration, assuming it is constant: 
t=1.40 s, vw, =283 m/s, v, =0 (stops), a, =? 


V, = Vox + AÉ 


=249 m/s? 


V, — Vo _ 0-283 m/s 
EXECUTE: a,=— = = 


i t 1.40 s 
a,/ g =(-202 m/s”) /(9.80 m/s’) =-20.6; a, =-20.6g 
If the acceleration while the sled is stopping is constant then the magnitude of the acceleration is only 20.6g. But if 
the acceleration is not constant it is certainly possible that at some point the instantaneous acceleration could be as 
large as 40g. 
EVALUATE: Itis reasonable that for this motion the acceleration is much larger than g. 
2.48. IDENTIFY: Since air resistance is ignored, the boulder is in free-fall and has a constant downward acceleration of 


af 


202 m/s” 


magnitude 9.80 m/s”. Apply the constant acceleration equations to the motion of the boulder. 
SETUP: Take +y to be upward. 


EXECUTE: (a) v, =+40.0 m/s, v, = +20.0 m/s, a, =-9.80 m/s’. v, =v), +4,f gives 


ow 20.0 auaka m/s _ 204s. 
a —9.80 m/s 


y 
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Qi biG gst Se N 

a, -9.80 m/s 
(©) y=y=0, V, =+40.0 m/s , a, =-9.80 m/s’. y-y, = Vat tta t gives t=0 and 

2 
pa 2o 240.0 mI) _ 4g 16 

a, —9.80 m/s 
v,—v, 0 — 40.0 m/s 

d) v, =0, v,, =+40.0 m/s, a, =-9.80 m/s’. v, =v,, +a t gives t=“ = =4.08 s 
a a i ETIE E a, 9.80 m/s? 


(e) The acceleration is 9.80 m/s’ , downward, at all points in the motion. 
(f) The graphs are sketched in Figure 2.48. 
EVALUATE: v, = 0 at the maximum height. The time to reach the maximum height is half the total time in the air, 


so the answer in part (d) is half the answer in part (c). Also note that 2.04 s < 4.08 s < 6.12 s . The boulder is going 
upward until it reaches its maximum height and after the maximum height it is traveling downward. 


y(t) (m) v(t) (m/s) a, (m/s) 


t (s) 


Figure 2.48 


IDENTIFY: We can avoid solving for the common height by considering the relation between height, time of fall 
and acceleration due to gravity and setting up a ratio involving time of fall and acceleration due to gravity. 
SETUP: Let g,, be the acceleration due to gravity on Enceladus and let g be this quantity on earth. Let h be the 


common height from which the object is dropped. Let +y be downward, so y—y, =h. yw, =0 
EXECUTE: y—y,=,f+4a,’ gives h=}gt;and h=+g,.t;,, . Combining these two equations gives 
1.75 s 


18.6 s 


EVALUATE: The acceleration due to gravity is inversely proportional to the square of the time of fall. 
IDENTIFY: The acceleration is not constant so the constant acceleration equations cannot be used. Instead, use 
Eqs.(2.17) and (2.18). Use the values of v, and of x at t =1.0 s to evaluate v,, and x,. 


2 
gt; = Zpet and Zp = [E] =(9.80 mi 


En 


2 
) = 0.0868 m/s’. 


SET UP: feta =" ,forn=0. 
n+ 


EXECUTE: (a) v, =v, + | atdt =v, t+at? = v, + (0.60 m/s*)t?. v, =5.0 m/s when t =1.0 s gives 
v. =4.4 m/s. Then, at t=2.0s, v, =4.4 m/s + (0.60 m/s°)(2.0 s)? =6.8 mis. 


(b) x= tf Vo that \dt =x, +v t+ at. x=6.0 mat t=1.0s gives x, =1.4 m . Then, at t=2.0s, 


x=1.4 m + (4.4 m/s)(2.0 s) +2024 m/s*)(2.0 s} =11.8 m. 


(c) x(t) =1.4 m + (4.4 m/s)t + (0.20 m/s°)t? . v (t) =4.4 m/s + (0.60 m/s*)t?. a(t) = (1.20m/s*)t . The graphs are 
sketched in Figure 2.50. 
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Chapter 2 
: dv, dx 
EVALUATE: We can verify that a, =— and v, =—. 
© dt © dt 
x(t) (m) v,(t) (m/s) a(t) (m/s?) 
20 7 2.5 
15 6 2 
5 1.5 
10 t(s) 4 t (s) 1 t(s) 
1 1.5 2 l 1.5 2 l 1.5 2 
Figure 2.50 


a, = At- Bt’ with A=1.50 m/s’ and B =0.120 m/s* 
(a) IDENTIFY: Integrate a,(t) to find v (t) and then integrate v,(f) to find x(t). 


t 
SETUP: v, =, + ip a, dt 


EXECUTE: v, =v), + ficar - Bt’) dt =v, +4At -+BY 
At rest at t=0 says that v,. =0, so 

v, =4Atr -4 Br =4(1.50 m/s°)t? —£(0.120 m/s4) 

v, =(0.75 m/s*)t? — (0.040 m/s*)e? 


t 
SETUP: x-x,+ Í, v, dt 
EXECUTE: x=x,+ KEZ -1Br) dt =x, +A -1 Br" 
At the origin at t=0 says that x, =0, so 
x=tAt —4Bt* =4(1.50 m/s°)t —4(0.120 m/s4) 
x= (0.25 m/s*)¢* — (0.010 m/s*)t* 
EVALUATE: We can check our results by using them to verify that v (t) = z and a,(t)= a 
i t f t 


x 


. : . dv ; dv ; : 
(b) IDENTIFY and SET UP: At time ¢, when v, is a maximum, a =0. (Since a, = he the maximum velocity 
i t i t 


is when a, =0. For earlier times a, is positive so v, is still increasing. For later times a, is negative and v, is 
decreasing.) 


EXECUTE: a = S =0 so At-Bť =0 
t 


One root is t=0, but at this time v, =0 and not a maximum. 


3 
The other root is t = A = A 
B 0.120 m/s 
At this time v, = (0.75 m/s*)t? — (0.040 m/s*)z? gives 
v, = (0.75 m/s’*)(12.5 s)? — (0.040 m/s*)(12.5 s)? =117.2 m/s — 78.1 m/s =39.1 m/s. 


EVALUATE: For ¢<12.5s, a, >0 and v, is increasing. For t >12.5 s, a, <0 and v, is decreasing. 


=12.5s 


IDENTIFY: a(t) is the slope of the v versus ¢ graph and the distance traveled is the area under the v versus ¢ graph. 


SETUP: The v versus ¢ graph can be approximated by the graph sketched in Figure 2.52. 
EXECUTE: (a) Slope=a=0 fort 21.3 ms. 


(b) 
h ax = Area under v-t graph ~ A 


max Triangle + Arecinae 


z 203 ms)(133 cm/s) +(2.5 ms —1.3 ms)(133 cm/s) ~ 0.25 cm 


=1.0x10° cm/s’. 


1 
(c) a=slope of v-t graph. a(0.5 ms) ~ a(1.0 ms) ~ Bims 


a(1.5 ms) =0 because the slope is zero. 
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(d) h=area under v-t graph. A(0.5 ms) = A, 


riangle 


-700.5 ms)(33 cm/s)=8.3x10° cm . 


h(1.0 ms) x A =5(.0 ms)(100 cm/s) =5.0x107 cm. 


Triangle 


A(1.5 ms) ~ A +A E ms)(133 cm/s)(0.2 ms)(1.33) = 0.11 cm 


Triangle Rectangle 


EVALUATE: The acceleration is constant until ¢=1.3 ms , and then it is zero. g = 980 cm/s? . The acceleration 


during the first 1.3 ms is much larger than this and gravity can be neglected for the portion of the jump that we are 
considering. 


133 cm/s 


0 1.3 ms 2.5 ms 


Figure 2.52 


(a) IDENTIFY and SET UP: The change in speed is the area under the a, versus ¢ curve between vertical lines at 
t=2.5s and t=7.5s. 

EXECUTE: This area is +(4.00 cm/s? +8.00 cm/s’)(7.5 s — 2.5 s) =30.0 cm/s 

This acceleration is positive so the change in velocity is positive. 

(b) Slope of v, versus ¢ is positive and increasing with t. The graph is sketched in Figure 2.53. 


y 
Y 


ae 


Figure 2.53 


EVALUATE: The calculation in part (a) is equivalent to Av, =(a,,.)At. Since a, is linear in t, 


= +(4.00 cm/s? +8.00 cm/s”) for the time interval f=2.5s to t=7.58. 
IDENTIFY: The average speed is the total distance traveled divided by the total time. The elapsed time is the 


distance traveled divided by the average speed. 
SETUP: The total distance traveled is 20 mi. With an average speed of 8 mi/h for 10 mi, the time for that first 


aax = (Ao, +a,)/2. Thus a 


av-x 


10 miles is —°™ =1.25h. 
mi/h 
EXECUTE: (a) An average speed of 4 mi/h for 20 mi gives a total time of A T =5.0 h. The second 10 mi must 
mi 


; 10 mi 
be covered in 5.0 h —1.25 h =3.75 h . This corresponds to an average speed of — 


=2.7 mi/h. 


20 mi 
12 mi/h 


=1.67 h. The second 10 mi must be 


(b) An average speed of 12 mi/h for 20 mi gives a total time of 


covered in 1.67 h—1.25 h=0.42 h. This corresponds to an average speed of a 


=24 mi/h. 


20 mi 


(c) An average speed of 16 mi/h for 20 mi gives a total time of =1.25h. But 1.25 h was already spent 


mi/h 
during the first 10 miles and the second 10 miles would have to be covered in zero time. This is not possible and an 
average speed of 16 mi/h for the 20-mile ride is not possible. 
EVALUATE: The average speed for the total trip is not the average of the average speeds for each 10-mile 
segment. The rider spends a different amount of time traveling at each of the two average speeds. 
dv 


IDENTIFY: v (t)= w and a, =—>. 
i dt © dt 


SET UP: Le) =nt" , for n21. 
t 


EXECUTE: (a) v,(t) = (9.00 m/s°)£? — (20.0 m/s? )t +9.00 m/s . a,(t) = (18.0 m/s*)t —20.0 m/s” . The graphs are 
sketched in Figure 2.55. 
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(b) The particle is instantaneously at rest when v,(t)=0. v), =0 and the quadratic formula gives 


t= D (20.0 + /(20.0)? —4(9.00)(9.00)) s =1.11 s +0.48 s . t =0.63 sand t =1.59 s . These results agree with the 


18 
v,-t graphs in part (a). 
(c) For t=0.63s, a, =(18.0 m/s*)(0.63 s) —20.0 m/s? =-8.7 m/s’. For t=1.59 s, a, =+8.6 m/s’. At t=0.63 s 
the slope of the v,-t graph is negative and at t =1.59 s it is positive, so the same answer is deduced from the 
v,(t) graph as from the expression for a(t). 

2 
20.0 ms Se 
18.0m/s 
(e) When the particle is at its greatest distance from the origin, v, =0 and a, <0 (so the particle is starting to 


(d) v,(¢) is instantaneously not changing when a, =0. This occurs at t = 


move back toward the origin). This is the case for tf = 0.63 s , which agrees with the x-t graph in part (a) . At 
t=0.63s, x=2.45m. 
(£) The particle’s speed is changing at its greatest rate when a, has its maximum magnitude. The a,-t graph in part 


(a) shows this occurs at t=0 and at t=2.00s. Since v, is always positive in this time interval, the particle is 
speeding up at its greatest rate when a, is positive, and this is for t = 2.00 s. 
The particle is slowing down at its greatest rate when a, is negative and this is for t=0. 


EVALUATE: Since a,(f) is linear in ¢, v,(¢) is a parabola and is symmetric around the point where 


v,(t)| has its 
minimum value (t =1.11s ). For this reason, the answer to part (d) is midway between the two times in part (c). 


x(t) (m) v(t) (m/s) a,(t) (m/s?) 
3 7 8 16 
7 
TA 
=11 


t(s) —20 - 
05 1 15 2 25 0| 0.40.8 1.21.6 2 


t(s) 


0| 0.40.8 1.2 1.6 2 


Figure 2.55 


X 


IDENTIFY: The average velocity is v, = eee The average speed is the distance traveled divided by the 
t 


elapsed time. 

SET Up: Let +x be in the direction of the first leg of the race. For the round trip, Ax = 0 and the total distance 
traveled is 50.0 m. For each leg of the race both the magnitude of the displacement and the distance traveled 
are 25.0 m. 


EXECUTE: (a) |V| = = = = =1.25 m/s. This is the same as the average speed for this leg of the race. 
i t U S 

(b) }v,,..| = 2s i =1.67 m/s . This is the same as the average speed for this leg of the race. 
Os 


(c) Ax=0so va =0. 


50.0 m 


(d) The average speed is 350 =1.43 m/s. 


s 

EVALUATE: Note that the average speed for the round trip is not equal to the arithmetic average of the average 
speeds for each leg. 

IDENTIFY: Use information about displacement and time to calculate average speed and average velocity. Take 
the origin to be at Seward and the positive direction to be west. 


(a) SETUP: average speed = Diae EE 
time 
EXECUTE: The distance traveled (different from the net displacement (x —x,)) is 76 km +34 km =110 km. 


Find the total elapsed time by using v, = z =X% to find ¢ for each leg of the journey. 
t t 
x-XxX, _ 76 km 


v 88 km/h 


av-x 


=0.8636 h 


Seward to Auora: t = 
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X-X)  —34km 


Auora to York: t= = —— = 0.4722 h 
Viwy —72 km/h 

Total ¢ = 0.8636 h+0.4722 h =1.336 h. 

Then average speed = n kog =82 km/h. 


36 h 


av-x 


(b) SETUP: v= ret where Ax is the displacement, not the total distance traveled. 
t 


For the whole trip he ends up 76 km -34 km = 42 km west of his starting point. v, = — =31 km/h. 


EVALUATE: The motion is not uniformly in the same direction so the displacement is less than the distance 
traveled and the magnitude of the average velocity is less than the average speed. 

IDENTIFY: The vehicles are assumed to move at constant speed. The speed (mi/h) divided by the frequency with 
which vehicles pass a given point (vehicles/h) is the total space per vehicle (the length of the vehicle plus space to 
the next vehicle). 


SETUP: 96 km/h =96x10° m/h 


3 
EXECUTE: (a) The total space per vehicle is Oe aah = 40 m/vehicle . Since the average length of a 
2400 vehicles/h 
vehicle is 4.6 m, the average space between vehicles is 40 m—4.6 m=35 m. 
; ; ; 10° m/h ; 
(b) The frequency of vehicles (vehicles/h) is Du = 7000 vehicles/h . 


(4.6+9.2) m/vehicle 


EVALUATE: The traffic flow rate per lane would nearly triple. Note that the traffic flow rate is directly 
proportional to the traffic speed. 
Av V 


x x 


; ; = Vox ; : 
(a) IDENTIFY: Calculate the average acceleration using a, = tee ——_ Use the information about the time 
f t t 


and total distance to find his maximum speed. 
SETUP: v, =0 since the runner starts from rest. 


t=4.0 s, but we need to calculate v,, the speed of the runner at the end of the acceleration period. 
EXECUTE: For the last 9.1s—4.0 s=5.1s the acceleration is zero and the runner travels a distance of 
d, =(5.1s)v, (obtained using x- x; =v,f+4a,t’) 


During the acceleration phase of 4.0 s, where the velocity goes from 0 to v,, the runner travels a distance 
Voy +V v 
d, =| “— |t == (4.0 s) = (2.0 sv 
2 | 5 p O s= 20s, 


The total distance traveled is 100 m, so d, +d, =100 m. This gives (5.1 s)v, + (2.0 s)v, =100 m. 
100 m 


x 


=14.08 m/s. 


s 
_vV,—V, _ 14.08 s—0 


me t 4.0 s 
(b) For this time interval the velocity is constant, so a, =0. 


=3.5 m/s’. 


Now we can calculate app: 4 


EVALUATE: Now that we have v, we can calculate d, =(5.1s)(14.08 m/s) =71.9 m and 
d, =(2.0 s)(14.08 m/s) = 28.2 m. So, d, +d, =100 m, which checks. 


V, — Vos oe f 
(c) IDENTIFY and SET UP: a, =", where now the time interval is the full 9.1 s of the race. 
t 


We have calculated the final speed to be 14.08 m/s, so 


be 14.08 m/s 
ik 9.1 s 
EVALUATE: The acceleration is zero for the last 5.1 s, so it makes sense for the answer in part (c) to be less than 
half the answer in part (a). 
(d) The runner spends different times moving with the average accelerations of parts (a) and (b). 
IDENTIFY: Apply the constant acceleration equations to the motion of the sled. The average velocity for a time 


=1.5 m/s’. 


; ; Ax 
interval Atis V, =—. 
© At 
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SETUP: Let +x be parallel to the incline and directed down the incline. The problem doesn’t state how much 
time it takes the sled to go from the top to 14.4 m from the top. 


EXECUTE: (a) 14.4 m to 25.6 m: v, ec at cea! 


or = 5.60 m/s . 25.6 to 40.0 m: 
í 2.00 s 


Vax = Women =7.20 m/s. 40.0 m to 57.6 m: v, = om-om 
i 2.00 s i 2.00 s 
(b) For each segment we know x -— x, and ¢ but we don’t know vy, or v, . Let x, =14.4 mand x, =25.6 m. For 


=8.80 m/s. 


sra v+v |) x,-x l ; Xy—Xx 
this interval í ! 5 2} 21 and at =v, —v, . Solving for v, gives v, =tat +—— . Let x, = 25.6 mand 
t t 


i : v, +v) x; -x ; ; 
x, = 40.0 m . For this second interval, (=) =4— and at =v, —v,. Solving for v, gives 
t 


v, =—4at phr Setting these two expressions for v, equal to each other and solving for a gives 
t 
1 1 
a =—[(x, -x,)- (x, -x )]= 40.0 m -25.6 m) - (25.6 m -14.4 m)] = 0.80 m/s’. 
pls =)= Ca) (2.005) K y= )] 


av-23 — Vav-12 


7 : v ; 
Note that this expression for a says a = , where van and vare the average speeds for successive 


2.00 s intervals. 
(c) For the motion from x =14.4 m to x=25.6m, x-x, =11.2m, a, =0.80 m/s’ and ¢=2.00s. 
11.2m 

-=at = 
t 2.00 s 

(d) For the motion from x=0 to x=14.4m, x-x,=144m, v, =0, and v, =4.8 m/s. 

; 2(x— 2(14.4 
X-X -( gives t= (e=) = ( mm) =6.0s 
2 Voy + Vy 4.8 m/s 

(e) For this 1.00 s time interval, t=1.00s, vy, =4.8 m/s, a, =0.80 m/s’. 

X= Xy =Vy,f +4a,t° =(4.8 m/s)(1.00 s) +4(0.80 m/s*)(1.00 s)? =5.2 m. 

EVALUATE: With x =0 at the top of the hill, x(4)=v,,t+ tat? = (0.40 m/s”)t” . We can verify that 

t=6.0s gives x=14.4m, t =8.0 s gives 25.6 m, t =10.0 s gives 40.0 m, and ¢ =12.0s gives 57.6 m. 
2.61. IDENTIFY: When the graph of v, versus f is a straight line the acceleration is constant, so this motion consists of 


= bys goes D 
X — Xo = Vost +zat gives vy. = 


(0.80 m/s?)(2.00 s) = 4.80 m/s. 


two constant acceleration segments and the constant acceleration equations can be used for each segment. Since 
v, is always positive the motion is always in the +x direction and the total distance moved equals the magnitude 


of the displacement. The acceleration a, is the slope of the v, versus ¢ graph. 
SET Up: For the ¢=0 to t =10.0 ssegment, v,, =4.00 m/s and v, =12.0 m/s. For the ¢=10.0 sto 
12.0 s segment, v,, =12.0 m/s and v, =0. 


EXECUTE: (a) For t=0to ¢=10.0s, x-x, [2 =), -(* ide CURIE 


Jano s) = 80.0 m. For 
2 2 


t=10.0 sto =12.0s, x n (2 meto) 


(2.00 s)=12.0 m . The total distance traveled is 92.0 m. 


(b) x- x, =80.0 m +12.0 m = 92.0 m 
12.0 m/s — 4.00 m/s 
10.0 s 


(c) For ż=0 to 10.0 s, a, = =0.800 m/s’. For tf =10.0 sto 10.2 s, 


_ 0-12.0 m/s _ 


a, 300 —6.00 m/s”. The graph of a, versus t is given in Figure 2.61. 
.00 s 
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EVALUATE: When v, and a, are both positive, the speed increases. When v, is positive and a, is negative, the 
speed decreases. 


+0.8 m/s? 


ee t 
10.05 12.0s 


O 
] 
| 
] 
| 
] 
] 
] 
I 
] 
| 
] 


6.0 mjs? 


Figure 2.61 
IDENTIFY: Since light travels at constant speed, d = ct 
SET Up: The distance from the earth to the sun is 1.50x10'' m . The distance from the earth to the moon is 
3.84x10° m. c =186,000 mi/s . 


1 
EXECUTE: (a) d=ct =(3.0x10* m/s)(1 Te eed Gees =) =9.5x10" m 
y 


(b) d =ct =(3.0x10* m/sX(10° s) =0.30 m 


11 
eps N E j Ran 
> 3.0x10° m/s 
8 
(a) r= 4 = 2G:84%10 m) 56. 
c 3.0x10* m/s 
eke 
epee BE Teos ASh 


c 186,000 mi/s 
EVALUATE: The speed of light is very large but it still takes light a measurable length of time to travel a large 
distance. 

IDENTIFY: Speed is distance d divided by time t. The distance around a circular path is d =27R, where R is the 
radius of the circular path. 

SET Up: The radius of the earth is R, = 6.38 x 10° m. The earth rotates once in 1 day =86,400 s . The radius of 


the earth’s orbit around the sun is 1.50x10'' m and the earth completes this orbit in 1 year =3.156x10’ s . The 

speed of light in vacuum is c =3.00x10* m/s. 

d 2aR, _22(6.38x10° m) 
© £ 86,4005 

2aR _ 2n(1.50x10'' m) 
t 3.156x10" s 


=464 m/s. 


EXECUTE: (a) v= 


(b) v= =2.99x10* m/s. 


d_2nR, _2n(6.38x10° m) 
c c 3.00 x108 m/s 


(c) The time for light to go around once is t = =0.1336 s . In 1.00 s light would go 


around the earth OES, = 7.49 times . 
0.1336 s 


EVALUATE: All these speeds are large compared to speeds of objects in our everyday experience. 
IDENTIFY: When the graph of v, versus ¢ is a straight line the acceleration is constant, so this motion consists of 


two constant acceleration segments and the constant acceleration equations can be used for each segment. For 
t=0 to 5.0 s, v, is positive and the ball moves in the +x direction. For t = 5.0 s to 20.0 s, v, is negative and the 


ball moves in the —x direction. The acceleration a, is the slope of the v, versus t graph. 
SET Up: For the ¢=0 to t=5.0 s segment, v, =0 and v, =30.0 m/s . For the t=5.0 sto ¢ = 20.0 s segment, 
Vp, =—20.0 m/s and v, =0. 
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EXECUTE: (a) For t=0to5.0s, x—x, -(¢ vs } (oe ms) m/s) = 75.0 m . The ball travels a 


distance of 75.0 m. For t=5.0 s to 20.0 s, x- x = 


(22 m/s #2 )aso m/s) =—150.0 m . The total distance 


traveled is 75.0 m+150.0 m= 225.0 m. 

(b) The total displacement is x — x, = 75.0 m+(—150.0 m) = -75.0 m. The ball ends up 75.0 m in the negative x- 

direction from where it started. 

(c) For t=0 to 5.0, a, elms 600 m/s’ . For t =5.0 sto 20.0 s, a, = a Go 
5.0 s i 15.0 s 

The graph of a, versus t is given in Figure 2.64. 


+1.33 m/s’. 


(d) The ball is in contact with the floor for a small but nonzero period of time and the direction of the velocity 
doesn't change instantaneously. So, no, the actual graph of v,(t)is not really vertical at 5.00 s. 

EVALUATE: For ¢=0to 5.0 s, both v, and a, are positive and the speed increases. For t = 5.0 sto 20.0 s, v, is 
negative and a, is positive and the speed decreases. Since the direction of motion is not the same throughout, the 
displacement is not equal to the distance traveled. 


ay 


6.00 m/s? -—— 


O 5.0s 20.0 s 
Figure 2.64 
IDENTIFY and SET Up: Apply constant acceleration equations. 
Find the velocity at the start of the second 5.0 s; this is the velocity at the end of the first 5.0 s. Then find x-— x, for 


the first 5.0 s. 
EXECUTE: For the first 5.0 s of the motion, v, =0, t=5.0 s. 


V, =V, +a,t gives v, =a,(5.0 s). 

This is the initial speed for the second 5.0 s of the motion. For the second 5.0 s: 

Vy, = 4, (5.0 s), t=5.0 s, x—x) =150 m. 

X-X) =Vytt++4at° gives 150 m = (25 s’)a,+(12.5s*)a, and a, =4.0 m/s” 

Use this a, and consider the first 5.0 s of the motion: 

XX) =Vy,t+4a,t° =0+4(4.0 m/s’)(5.0 s)? = 50.0 m. 

EVALUATE: The ball is speeding up so it travels farther in the second 5.0 s interval than in the first. In fact, 

X—X, is proportional to £ since it starts from rest. If it goes 50.0 m in 5.0 s, in twice the time (10.0 s) it should go 


four times as far. In 10.0 s we calculated it went 50 m+150 m= 200 m, which is four times 50 m. 
IDENTIFY: Apply x- x, = Vt + lat to the motion of each train. A collision means the front of the passenger 


train is at the same location as the caboose of the freight train at some common time. 
SETUP: Let P be the passenger train and F be the freight train. For the front of the passenger train x, =0 and for 


the caboose of the freight train x, = 200 m . For the freight train v, =15.0 m/s and a, =0. For the passenger train 
vp =25.0 m/s and a, =—0.100 m/s’. 

EXECUTE: (a) x- Xo =V +4a,t for each object gives x, = vpt +Łapt and x, =200 m+ vt. Setting 

Xp = Xp gives vpt +Fapt? =200 m +v,;t . (0.0500 m/s’)t? —(10.0 m/s)t + 200 m =0. The 


quadratic formula gives t = 7 bal (+10.0 + (40.0)? = 4(0.0500)(200) s =(100+77.5) s . The collision occurs at 


t=100s —77.5 s=22.5 s . The equations that specify a collision have a physical solution (real, positive £), so a 
collision does occur. 


Motion Along a Straight Line 2-27 


2.67. 


2.68. 
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(b) x, =(25.0 m/s)(22.5 s) + 4(—0.100 m/s’)(22.5 s)? =537 m. The passenger train moves 537 m before the 
collision. The freight train moves (15.0 m/s)(22.5 s)=337 m. 
(c) The graphs of x, and x, versus ¢ are sketched in Figure 2.66. 


EVALUATE: The second root for the equation for t, t =177.5 s is the time the trains would meet again if they 
were on parallel tracks and continued their motion after the first meeting. 
x 


XF 


Figure 2.66 


IDENTIFY: Apply constant acceleration equations to the motion of the two objects, you and the cockroach. You 
catch up with the roach when both objects are at the same place at the same time. Let T be the time when you catch 
up with the cockroach. 

SETUP: Take x=0 to be at the t=0 location of the roach and positive x to be in the direction of motion of the 
two objects. 

roach: 

Vp, =1.50 m/s, a, =0, x) =0, x=1.20 m, t=T 

you: 

Vp, = 9.80 m/s, x, =—0.90 m, x=1.20m, t=T, a, =? 

Apply x- x, =V),f+4a,t° to both objects: 

EXECUTE: roach: 1.20 m=(1.50 m/s)T, so T =0.800 s. 

you: 1.20 m—(—0.90 m) = (0.80 m/s)T +4a,T° 

2.10 m = (0.80 m/s)(0.800 s) + 4a4,(0.800 s)? 

2.10 m=0.64 m + (0.320 s’)a, 

a, = 4.6 m/s’. 


+ : 
EVALUATE: Your final velocity is v, =v), +a,f=4.48 m/s. Then x- x = [Zee = 2.10 m, which checks. 


You have to accelerate to a speed greater than that of the roach so you will travel the extra 0.90 m you are initially 
behind. 

IDENTIFY: The insect has constant speed 15 m/s during the time it takes the cars to come together. 

Set Up: Each car has moved 100 m when they hit. 


EXECUTE: The time until the cars hit is ma = 


=10 s . During this time the grasshopper travels a distance of 
s 


(15 m/s)(10 s)=150 m . 


EVALUATE: The grasshopper ends up 100 m from where it started, so the magnitude of his final displacement is 
100 m. This is less than the total distance he travels since he spends part of the time moving in the opposite 
direction. 

IDENTIFY: Apply constant acceleration equations to each object. 

Take the origin of coordinates to be at the initial position of the truck, as shown in Figure 2.69a 

Let d be the distance that the auto initially is behind the truck, so x,(auto)=—d and x,(truck)=0. Let T be the 


time it takes the auto to catch the truck. Thus at time T the truck has undergone a displacement x-— x, = 40.0 m, so 


is at x =x, + 40.0 m = 40.0 m. The auto has caught the truck so at time T is also at x = 40.0 m. 


d - 
auto truck 


IEE 
a, = 3.40 m/s? 


Vox = Vox = 0 


= .2 
a, = 2.10 m/s 


Figure 2.69a 
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(a) SETUP: Use the motion of the truck to calculate T: 
x-x,=40.0m, vy, =0 (starts from rest), a, =2.10 m/s’, t=T 
X-X =W t tta t 
2(x-x,) 

a 


ie 


EXECUTE: T= ASO.) =6.17s 
2.10 m/s 


(b) SETUP: Use the motion of the auto to calculate d: 
x-x,=40.0m+d, »,=0, a,=3.40 m/s*, t=6.175 


Since v, =0, this gives t= 


X-X) =Vy,t+4a,t? 

EXECUTE: d+40.0 m=4(3.40 m/s”)(6.17 s)? 

d = 64.8 m -40.0 m= 24.8 m 

(c) auto: v, =v), +a,t =0+ (3.40 m/s*)(6.17 s) =21.0 m/s 
truck: v, =v, +a,t =0+ (2.10 m/s*)(6.17 s) =13.0 m/s 
(d) The graph is sketched in Figure 2.69b. 


auto 
—24.8 m 


Figure 2.69b 


EVALUATE: [In part (c) we found that the auto was traveling faster than the truck when they come abreast. The 
graph in part (d) agrees with this: at the intersection of the two curves the slope of the x-t curve for the auto is 
greater than that of the truck. The auto must have an average velocity greater than that of the truck since it must 
travel farther in the same time interval. 

IDENTIFY: Apply the constant acceleration equations to the motion of each car. The collision occurs when the 
cars are at the same place at the same time. 

SETUP: Let +x be to the right. Let x =0 at the initial location of car 1, so x), =Oand x» =D . The cars collide 


when x, =xX,. Vya =9, a, =a,, Vy =-v) and a,, =0. 


EXECUTE: (a) x-x, =v,t++4a? gives x =1at’? and x,=D-vt. x, =x, gives tat’? =D-v.t. 
0 Vorb tA 8 1574 2 o 1 28 7 ay: 0 


ta t’ + vot -D =0. The quadratic formula gives t = Hs tfv + 2a,D) . Only the positive root is physical, 


so t=—(-y +v +2a,D) . 


a, 


(b) v, =at = 4v +2a,D -v 


(c) The x-ź and v,-t graphs for the two cars are sketched in Figure 2.70. 
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EVALUATE: Inthe limit that a, =0, D -v =0 and t=D/v, , the time it takes car 2 to travel distance D. In the 


oo 2D ae ; 
limit that v, =0, t=, /——, the time it takes car 1 to travel distance D. 
a 


x(t) 


v(t) 


N 


N 


0O (0) 


Figure 2.70 


IDENTIFY: The average speed is the distance traveled divided by the time. The average velocity is v, = w 


SETUP: The distance the ball travels is half the circumference of a circle of diameter 50.0 cm so is 
izd =+7(50.0 cm) =78.5 cm. Let +x be horizontally from the starting point toward the ending point, so 


Ax equals the diameter of the bowl. 


ind 
EXECUTE: (a) The average speed is + cee Pim =7.85 cm/s. 
Os 
(b) The average velocity is v, = Ca 5.00 cm/s . 
“ At 100s 


EVALUATE: The average speed is greater than the magnitude of the average velocity, since the distance traveled 
is greater than the magnitude of the displacement. 

IDENTIFY: a, is the slope of the v, versus ¢ graph. x is the area under the v, versus ¢ graph. 

SETUP: The slope of v, is positive and decreasing in magnitude. As v, increases, the displacement in a given 
amount of time increases. 

EXECUTE: The a,-t and x-t graphs are sketched in Figure 2.72. 

EVALUATE: vis the slope of the x versus ¢ graph. The x(t) graph we sketch has zero slope at t =0, the slope is 
always positive, and the slope initially increases and then approaches a constant. This behavior agrees with the 

v (£) that is given in the graph in the problem. 


x 
a, 
a ? E | 


Figure 2.72 


IDENTIFY: Apply constant acceleration equations to each vehicle. 

SETUP: (a) It is very convenient to work in coordinates attached to the truck. 

Note that these coordinates move at constant velocity relative to the earth. In these coordinates the truck is at rest, 
and the initial velocity of the car is v,, =0. Also, the car’s acceleration in these coordinates is the same as in 
coordinates fixed to the earth. 

EXECUTE: First, let’s calculate how far the car must travel relative to the truck: The situation is sketched in 
Figure 2.73. 


4.5m 21.0m 4.5m 
<> > —P 
Pos P| truck —-—-, Car, 
x ] nng 
L — -'e— 24.0 n> <——— 26.0 m —- - - ! final 
car, 


initial < 24.0 m + 21.0 m + 26.0 m + 4.5 m = 75.5 m —> 


Figure 2.73 
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The car goes from x, =—24.0 m to x=51.5 m. So x—x, =75.5 m for the car. 
Calculate the time it takes the car to travel this distance: 
a, = 0.600 m/s’, VY, =0, x-xX),=75.5m, t=? 


x-X, o = Vot +t tat? 


= fo Xo) ELIEN T 


0.600 m/s” 


It takes the car 15.9 s to pass the truck. 
(b) Need how far the car travels relative to the earth, so go now to coordinates fixed to the earth. In these 


coordinates v,. = 20.0 m/s for the car. Take the origin to be at the initial position of the car. 

Vp), = 20.0 m/s, a, =0.600 m/s*, t=15.86s, x-x, =? 

X— Xy = Vt +4a,t° =(20.0 m/s)(15.86 s) +4(0.600 m/s*)(15.86 s)? 

x— x =317.2 m +75.5 m =393 m. 

(c) In coordinates fixed to the earth: 

V, = Va, + at = 20.0 m/s + (0.600 m/s”)(15.86 s) = 29.5 m/s 

EVALUATE: In 15.9 s the truck travels x — x, = (20.0 m/s)(15.86 s) =317.2 m. The car travels 

392.7 m—317.2 m=75 m farther than the truck, which checks with part (a). In coordinates attached to the truck, 


for the car v, =0, v, =9.5 m/s and in 15.86 s the car travels x—x, = -(* a } =75 m, which checks with 


part (a). 
2.74. T The acceleration is not constant so the constant acceleration equations cannot be used. Instead, use 
a,(t)= =x, +f v(t)dt . 


SET UP: TAT l — e" for n20. 
n+ 


EXECUTE: (a) x(t)=x) +f la- Ca ae . x=0at £ =0 gives x, =O and 


= —2 bt =—(4.00 m/s*)t . 


x(t) = at—4 Bt’ =(4.00 m/s)t — (0.667 m/s*)r*. a, (t) = 


b) The maximum positive x is when v =0 and a. <0. v.=0 gives a— ft =0 and 
( p > š „=0 g 


|4. f : : 
sles avs =1.41s. At this 7, a, is negative. For t=1.41s, 
£ 2.00 m/s 


x = (4.00 m/s)(1.41 s) — (0.667 m/s*)(1.41 s)? =3.77 m. 

EVALUATE: After t=1.41s the object starts to move in the —x direction and goes to x =—% as t> œ. 
2.75. a(t)=a+ ft, with æ = -2.00 m/s? and 8 =3.00 m/s? 

(a) IDENTIFY and SET UP: Integrage a,(¢) to find v (t) and then integrate v,(t) to find x(¢). 


t t 
EXECUTE: v, =v, + Í, a, dt =v, + [,(@ +f) dt=v,,+att++ pt 
t t 
X= Xp +[v, dt = x, + Oo +at +1 Bt?) dt =x, +v, t+ tat? +4 Bt 


At t=0, x =X). 


To have x=x, at 4, =4.00 s requires that v,,t,++at; ++ Ht; =0. 

Thus v,, =-+ ft; -tat =-4+(3.00 m/s*)(4.00 s)? —4(-2.00 m/s*)(4.00 s) = -4.00 m/s. 

(b) With v,, as calculated in part (a) and t = 4.00 s, 

Vy = Va, tat +4 Bt" =—4.00 s +(—2.00 m/s*)(4.00 s) +4(3.00 m/s*)(4.00 s)? =+12.0 m/s. 

EVALUATE: a, =0 at t=0.67s. For t>0.67s, a, >0. At t=0, the particle is moving in the —x-direction 


and is speeding up. After t = 0.67 s, when the acceleration is positive, the object slows down and then starts to 
move in the +x-direction with increasing speed. 
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IDENTIFY: Find the distance the professor walks during the time ¢ it takes the egg to fall to the height of his head. 
SETUP: Let +y be downward. The egg has v,, =0 and a, =9.80 m/s’ . At the height of the professor’s head, 


the egg has y- y, = 44.2 m. 


2(44.2 m) 
9.80 m/s? 


X—Xy = Vat = (1.20 m/s)(3.00 s) = 3.60 m. Release the egg when your professor is 3.60 m from the point directly 


; 2(y- ; 
EXECUTE: y-y,=\,f+ lat gives t= | (y= Yo) =j =3.00 s . The professor walks a distance 
a, 


below you. 
EVALUATE: Just before the egg lands its speed is (9.80 m/s?°)(3.00s) = 29.4 m/s . It is traveling much faster than 


the professor. 

IDENTIFY: Use the constant acceleration equations to establish a relationship between maximum height and 
acceleration due to gravity and between time in the air and acceleration due to gravity. 

SET Up: Let +y be upward. At the maximum height, v, = 0. When the rock returns to the surface, y—y, =0. 


EXECUTE: (a) v = Voy +2a (y - yo) gives a,H = -iv , which is constant, so ap H, =a,Hy, 
2 
Hen ep eee es 
a 3.71 m/s 


(b) y- y, =V t+ lat with y- y, =0 gives a,t=—2v,,, which is constant, so a,7, = ayZy - 


M 


a 
Ty -7,) =2.64T . 
EVALUATE: On Mars, where the acceleration due to gravity is smaller, the rocks reach a greater height and are in 
the air for a longer time. 
IDENTIFY: Calculate the time it takes her to run to the table and return. This is the time in the air for the thrown 
ball. The thrown ball is in free-fall after it is thrown. Assume air resistance can be neglected. 


ay 


SET Up: For the thrown ball, let +y be upward. a, =—9.80 m/s? . y — y, = 0 when the ball returns to its original 


position. 
EXECUTE: (a) It takes her zoa =2.20 s to reach the table and an equal time to return. For the ball, 
.50 m/s 


Y-Y =9, t=4.40 sand a, = -9.80 m/s’. y- = Voyt +a t gives 

Voy =—+4a,t =—}(-9.80 m/s’)(4.40 s) =21.6 m/s. 

(b) Find y- y, when t=2.208. y- Y, = Vt +a, f = (21.6 m/s)(2.20 s)++(—9.80 m/s’)(2.20 s)° = 23.8 m 
EVALUATE: It takes the ball the same amount of time to reach its maximum height as to return from its 
maximum height, so when she is at the table the ball is at its maximum height. Note that this large maximum 
height requires that the act either be done outdoors, or in a building with a very high ceiling. 

(a) IDENTIFY: Use constant acceleration equations, with a, =g, downward, to calculate the speed of the diver 
when she reaches the water. 

SETUP: Take the origin of coordinates to be at the platform, and take the +y-direction to be downward. 


y-yY) =421.3 m, a, = +9.80 m/s’, Voy =0 (since diver just steps off), v= 4 


vi =v, +2a,(¥—Yp) 


EXECUTE: v, = +,/2a,(y— y,) = +¥2(9.80 m/s?)(31.3 m) = +20.4 m/s. 


We know that v, is positive because the diver is traveling downward when she reaches the water. 


The announcer has exaggerated the speed of the diver. 
EVALUATE: We could also use y- y, =v,t+4a,f to find t=2.085 s. The diver gains 9.80 m/s of speed each 
second, so has v, = (9.80 m/s”)(2.085 s) = 20.4 m/s when she reaches the water, which checks. 


(b) IDENTIFY: Calculate the initial upward velocity needed to give the diver a speed of 25.0 m/s when she 
reaches the water. Use the same coordinates as in part (a). 


SETUP: v,,=2?, v,=+25.0 m/s, a, =+9.80 m/s’, y—y,=+21.3m 


v= Voy +2a,(y—¥o) 
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EXECUTE: vj, =— fv? -2a,(y— y)) = (25.0 m/s)? — 2(9.80 m/s?)(21.3 m) =-14.4 m/s 


y y 
(Yo, is negative since the direction of the initial velocity is upward.) 
EVALUATE: One way to decide if this speed is reasonable is to calculate the maximum height above the platform 
it would produce: 
Voy =—14.4 m/s, v, =0 (at maximum height), a, =+9.80 m/s’, y-y, =? 
vi =v, +2a,(¥—Y) 
_Vy ~My _0-(-14.4 s}? _ 
2a, 2(+9.80 m/s) 


y 


6m 


VN 


This is not physically attainable; a vertical leap of 10.6 m upward is not possible. 

IDENTIFY: The flowerpot is in free-fall. Apply the constant acceleration equations. Use the motion past the 
window to find the speed of the flowerpot as it reaches the top of the window. Then consider the motion from the 
windowsill to the top of the window. 


SETUP: Let +y be downward. Throughout the motion a, = +9.80 m/s’. 


EXECUTE: Motion past the window: y— y, =1.90m, £ =0.420 s, a, =+9.80 m/s’. y- = Vot + tat? gives 


Y-Y» 1 1.90 m 
VY, = at= 
K t = * 0420's 
at the top of the window. 
Motion from the windowsill to the top of the window: v, =0, v, =2.466 m/s, a, =+9.80 m/s? . 


v — Voy _ (2.466 m/s)’ —0 


+(9.80 m/s”)(0.420 s) = 2.466 m/s . This is the velocity of the flowerpot when it is 


v = Voy +2a,(y— Yo) gives y- y, = = 0.310 m . The top of the window is 0.310 m 


2a, 2(9.80 m/s’) 
below the windowsill. 
, Voy 2.466 é 
EVALUATE: It takes the flowerpot t = Vy 7 Voy _ rr Re = 0.252 s to fall from the sill to the top of the 
; s 


window. Our result says that from the windowsill the pot falls 0.310 m +1.90 m =2.21 m in 

0.252 s +0.420 s =0.672 s. y— Y, = Vt +4a,ť =4(9.80 m/s’)(0.672 s)? =2.21 m , which checks. 

IDENTIFY: For parts (a) and (b) apply the constant acceleration equations to the motion of the bullet. In part (c) 
neglect air resistance, so the bullet is free-fall. Use the constant acceleration equations to establish a relation 
between initial speed v, and maximum height H. 


SETUP: For parts (a) and (b) let +x be in the direction of motion of the bullet. For part (c) let +y be upward, so 
a, =—g . At the maximum height, v, =0. 
EXECUTE: (a) x—x,=0.700m, vw, =0, v,=965 m/s. v? =v, +2a,(x—x,) gives 

_ vè =v, _ (965 m/s)’ —0 


e 


a = =6,65x10° m/s? . “£ =6,79x10*, so a, =(6.79x10^g . 
Xx—x,)  2(0.700 m) 2 


(b) x-x, = [2 Vs } gives t= AESA 2 1.45 ms. 
2 Vy, +v,  0+965 m/s 

2 vo 5 $ 
c) v =v +2a (y -y,) and v, =0 gives ” =—2a, , which is constant. 1 = >. 
(©) v; =v, +24, -= Yo) e j HH, 

v ty) 
m-n ($ )-a( 2e =H/4. 

Voi Voi 

> EN] = 2 

EVALUATE: H= ia a SONS us) =47.5 km . Rifle bullets fired vertically don't actually reach such a 


2a,  2(-9.80 m/s”) 


y 
large height; it is not an accurate approximation to ignore air resistance. 
IDENTIFY: Assume the firing of the second stage lasts a very short time, so the rocket is in free-fall after 25.0 s. 
The motion consists of two constant acceleration segments. 


SETUP: Let +y be upward. After t =25.0 s, a, =—9.80 m/s? . 
= = 2 i= 
Dy =0, a, = +3.50 m/s’, t=25.0s. 
Y— Yo =Voyt + tat’ =1(3.50 m/s)(25.0 s)? =1.0938x10° m . Find the displacement of the rocket from firing of the 


EXECUTE: (a) Find the height of the rocket at t =25.0 s: v 
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second stage until the maximum height is reached: Voy = 132.5 m/s, v= 0 (at maximum height), a,= ~9.80 m/s? . 
voy 


f , 0-(132.5 m/s)? me 
> +2a (y= ives = "= = 896 m. The total height is 
ta Yo) BIVES Y— Y= T= 5 9 80 mis) 


y 


2 
v, =V 
y 


1094 m +896 m=1990 m. 
(b) v, =+132.5 m/s, a, =—9.80 m/s’, y-y, =-1094 m. y-y, = Vo t+ sae gives 


—1093.8 m = (132.5 m/s)t — (4.90 m/s’)t? . The quadratic formula gives t =33.7 s as the positive root. The rocket 
returns to the launch pad 33.7 s after the second stage fires. 

(e) v, =v, +a,t =+132.5 m/s +(—9.80 m/s?°)(33.7 s) = —198 m/s . The rocket has speed 198 m/s as it reaches the 
launch pad. 

EVALUATE: The speed when the rocket returns to the launch pad is greater than 132.5 m/s. When the rocket 
returns to the height where the second stage fired, its velocity is 132.5 m/s downward and it continues to speed up 
during the rest of the descent. 

Take positive y to be upward. 

(a) IDENTIFY: Consider the motion from when he applies the acceleration to when the shot leaves his hand. 


SETUP: v,=0, v,=?, a, =45.0 m/s’, y-— y, = 0.640 m 
v =v, +2a, (Y — Yo) 
EXECUTE: v, =,[2a,(— y,) = (2(45.0 n/s?)(0.640 m) =7.59 m/s 


(b) IDENTIFY: Consider the motion of the shot from the point where he releases it to its maximum height, where 
v=0. Take y=0 at the ground. 


SETUP: y,=2.20m, y=?, a, =—9.80 m/s? (free fall), v,, =7.59 m/s 


(from part (a), v, =0 at maximum height) 
v =v, +24, (Y-Y) 
vi =v _ O-(7.59 mis)? _ 


EXECUTE: = = = 
Y oTa 59 80 m/s?) 


y =2.20 m +2.94 m =5.14 m. 

(c) IDENTIFY: Consider the motion of the shot from the point where he releases it to when it returns to the height 
of his head. Take y=0 at the ground. 

SETUP: y,=2.20m, y=1.83m, a, =—9.80 m/s’, Voy =+7.59 mis: t=? y-yy= Voyt +a t 

EXECUTE: 1.83 m-2.20 m= (7.59 m/s)t + +(—-9.80 m/s°)t? 

= (7.59 m/s)t — (4.90 m/s”)¢? 

4.90t°? —7.59t -0.37 =0, with ¢ in seconds. 

Use the quadratic formula to solve for t: 


= sal" + (7.59)? — 4(4.90\-0.37) = 0.774 +0.822 


t must be positive, so t = 0.774 s + 0.822 s =1.60 s 
EVALUATE: Calculate the time to the maximum height: V, =Vo, +a,f, SO 


t=(v, —v%,)/a, =—(7.59 m/s)/(—9.80 m/s’) = 0.77 s. It also takes 0.77 s to return to 2.2 m above the ground, for a 
total time of 1.54 s. His head is a little lower than 2.20 m, so it is reasonable for the shot to reach the level of his 
head a little later than 1.54 s after being thrown; the answer of 1.60 s in part (c) makes sense. 

IDENTIFY: The teacher is in free-fall and falls with constant acceleration 9.80 m/s? , downward. The sound from 
her shout travels at constant speed. The sound travels from the top of the cliff, reflects from the ground and then 
travels upward to her present location. If the height of the cliff is h and she falls a distance y in 3.0 s, the sound 
must travel a distance h+(h—y)in3.0s. 


2.94 m 


SET Up: Let +y be downward, so for the teacher a, =9.80 m/s’ and Vo, =0. Let y =O at the top of the cliff. 
EXECUTE: (a) For the teacher, y =+(9.80 m/s’)(3.0 s) = 44.1 m. For the sound, A+(h—y)= vt. 
h=F(vt+y) = ((340 m/s][3.0 s]+44.1 m) = 532 m , which rounds to 530 m. 


(b) v? = Voy +2a,(y—yo) gives v, =,/2a,(y— yo) = /2(9.80 m/s”)(532 m) =102 m/s. 
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-və 102 m/s 
a, 9.80 m/s? 


y 


. . v y 
EVALUATE: Sheis in the air for t = — 


=10.4 s and strikes the ground at high speed. 


IDENTIFY and SETUP: Let +y be upward. Each ball moves with constant acceleration a, =—9.80 m/s’. In 
parts (c) and (d) require that the two balls be at the same height at the same time. 

EXECUTE: (a) At ceiling, v, =0, y- y,=3.0 m, a, =—9.80 m/s’. Solve for v,,. 

v = Voy +2a,(y—y) gives v, =7.7 m/s. 

(b) v, =v), +a,¢ with the information from part (a) gives t =0.78 s. 


(c) Let the first ball travel downward a distance d in time t. It starts from its maximum height, so Vo, =0. 
Y-Y =v t=Fa,t° gives d =(4.9 m/s” )t? 


The second ball has v,, = $(7.7 m/s) =5.1 m/s. In time f it must travel upward 3.0 m—d to be at the same place 
as the first ball. 

Y-Vo =Voyt +ta,t? gives 3.0 m—d =(5.1 m/s)t — (4.9 m/s’)e’. 

We have two equations in two unknowns, d and t. Solving gives t=0.59 s and d =1.7 m. 

(d) 3.0m-—d=1.3m 

EVALUATE: In 0.59 s the first ball falls d =(4.9 m/s’)(0.59 s)? =1.7 m, so is at the same height as the 


second ball. 
IDENTIFY: The helicopter has two segments of motion with constant acceleration: upward acceleration for 10.0 s 
and then free-fall until it returns to the ground. Powers has three segments of motion with constant acceleration: 


upward acceleration for 10.0 s, free-fall for 7.0 s and then downward acceleration of 2.0 m/s”. 

SETUP: Let +y be upward. Let y =0at the ground. 

EXECUTE: (a) When the engine shuts off both objects have upward velocity 

V, =V, +a,t = (5.0 m/s°)(10.0 s) = 50.0 m/s and are at y = Vot + tat’ = +4(5.0 m/s’)(10.0 s)? = 250 m. For the 


helicopter, v, = 0 (at the maximum height), v,, =+50.0 m/s, y, =250 m , and a, =-9.80 m/s’. 
y 8 Oy Yo 5 


; 0—(50.0 m/s)’ 
? =y? 42a (y— ives p= by, = 
V; = Voy +2a,(¥— Yo) gives y In Yo = 9.80 mis’) 


(b) The time for the helicopter to crash from the height of 250 m where the engines shut off can be found using 


eee 
Vy, Voy 


+ 250 m =378 m , which rounds to 380 m. 


Voy = +50.0 m/s , a, =-9.80 m/s’, and y- y, =-250m. y- y, =v9,t + 4a,!° gives 
-250 m = (50.0 m/s)t — (4.90 m/s’)t? . (4.90 m/s”)t” — (50.0 m/s)t -250 m =0 . The quadratic formula gives 


t= (500 + (60.0) + 4(4.90)(250) | s. Only the positive solution is physical, so t= 13.9 s. Powers therefore 


has free-fall for 7.0 s and then downward acceleration of 2.0 m/s’ for 13.9 s—7.0 s=6.9 s . After 7.0 s of free-fall 
he isat y— yy = Vot + tat = 250 m+ (50.0 m/s)(7.0 s) +5 (—9.80 m/s’)(7.0 s)? =360 m and has velocity 

V, = Va, + a,t =50.0 m/s +(—9.80 m/s’)(7.0 s) =—-18.6 m/s . After the next 6.9 s he is at 

Y— Yo =V t t4a,t? = 360 m+ (-18.6 m/s)(6.9 s) +4(—2.00 m/s*)(6.9 s)? =184 m . Powers is 184 m above the 
ground when the helicopter crashes. 

EVALUATE: When Powers steps out of the helicopter he retains the initial velocity he had in the helicopter but 
his acceleration changes abruptly from 5.0 m/s? upward to 9.80 m/s? downward. Without the jet pack he would 
have crashed into the ground at the same time as the helicopter. The jet pack slows his descent so he is above the 
ground when the helicopter crashes. 

IDENTIFY: Apply the constant acceleration equations to his motion. Consider two segments of the motion: the 


last 1.0 s and the motion prior to that. The final velocity for the first segment is the initial velocity for the second 
segment. 


SETUP: Let +y be downward, so a, = +9.80 m/s? . 


EXECUTE: Motion from the roof to a height of h/4 above ground: y- y, =3h/4, a, =+9.80 m/s’ , Vo, =0. 
v = Voy +2a,(y—yp) gives v, =,/2a,(y—-y) = 3.834Vh Vm/s. Motion from height of 1/4 to the ground: 
y-y =h/4, a, =+9.80 m/s? , vp, =3.834Vh V/s, t=1.00s. y- y, =%,t+ 44,0 gives 


Motion Along a Straight Line 2-35 


2.88. 


2.89. 


2.90. 


253.83447 Vm +4.90 m . Let A =u? and solve for u. tu? —~3.834u Jm -4.90 m=0. 


u= 2(3.834 +4/(-3.834) + 4.90 Vm. Only the positive root is physical, so u =16.52 Vm and A =u? =273 m 7 
which rounds to 270 m. The building is 270 m tall. 


EVALUATE: With 4 =273 m the total time of fall is t = an =7.46 s . In 7.47 s—1.00 s=6.46 s Spider-Man 
a, 


falls a distance y- y, =+(9.80 m/s°)(6.46 s)? = 204 m . This leaves 69 m for the last 1.0 s of fall, which is h/4. 


IDENTIFY: Apply constant acceleration equations to the motion of the rock. Sound travels at constant speed. 
SETUP: Let ¢,,, be the time for the rock to fall to the ground and let ¢, be the time it takes the sound to travel 


from the impact point back to you. tı +t, =10.0 s . Both the rock and sound travel a distance d that is equal to the 


height of the cliff. Take +y downward for the motion of the rock. The rock has Voy = 0 and a, = 9.80 m/s’. 


2d 
EXECUTE: (a) For the rock, y- y, =v,t+4a t gives ty, =,/———; . 
(a) Y-Y 5V t tal 8 fall 9.80 m/s? 


d 
330 m/s 
(b) You would have calculated d =+(9.80 m/s’)(10.0 s)? = 490 m. You would have overestimated the height of 


the cliff. It actually takes the rock less time than 10.0 s to fall to the ground. 
EVALUATE: Once we know d we can calculate that t, =8.8 s and ¢,=1.2 s. The time for the sound of impact 


For the sound, t, = =10.0 s. Let a =d. 0.00303a7 +0.4518a -10.0=0. æ =19.6 and d=384m. 


to travel back to you is 12% of the total time and cannot be neglected. The rock has speed 86 m/s just before it 
strikes the ground. 

(a) IDENTIFY: Let +y be upward. The can has constant acceleration a, =—g. The initial upward velocity of the 
can equals the upward velocity of the scaffolding; first find this speed. 

SETUP: y-y,=-15.0m, t=3.25s, a, =—9.80 m/s?, Voy =? 

EXECUTE: y—y)=¥,f+4a,t° gives v, =11.31 m/s 

Use this v, in v, =v), +a,f to solve for v,: v, =—20.5 m/s 

(b) IDENTIFY: Find the maximum height of the can, above the point where it falls from the scaffolding: 

SETUP: v,=0, vy), =+11.31 m/s, a, =-9.80 m/s*, y—y, =? 

EXECUTE: v = Voy +2a,(y- y) gives y- y, =6.53 m 


The can will pass the location of the other painter. Yes, he gets a chance. 

EVALUATE: Relative to the ground the can is initially traveling upward, so it moves upward before stopping 
momentarily and starting to fall back down. 

IDENTIFY: Both objects are in free-fall. Apply the constant acceleration equations to the motion of each person. 


SETUP: Let +y be downward, so a, = +9.80 m/s’ for each object. 
EXECUTE: (a) Find the time it takes the student to reach the ground: y- y,=180 m , v, =0, a, =9.80 m/s’. 


(Y= Yo) _ joe m) 
a 9.80 m/s” 


y 


Y— Yo =Voyt + jat gives t= | = 6.06 s . Superman must reach the ground in 

6.06 s—5.00 s =1.06s: t=1.06 s, y—y, =180 m, a, =+9.80 m/s? . y- y, =v, t + Fa," gives 

Y-Y igp A m 
t 1.06 s 

(b) The graphs of y-t for Superman and for the student are sketched in Figure 2.90. 

(c) The minimum height of the building is the height for which the student reaches the ground in 5.00 s, before 


Superman jumps. y—y, = vot + at? = 5(9.80 m/s”)(5.00 s)? =122 m . The skyscraper must be at least 
122 m high. 


1(9.80 m/s’)(1.06 s) =165 m/s. Superman must have initial speed v, =165 m/s. 


Vo 7 
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EVALUATE: 165 m/s =369 mi/h, so only Superman could jump downward with this initial speed. 
y 


180m fF 


Superman 
student 


O 5s 
Figure 2.90 


IDENTIFY: Apply constant acceleration equations to the motion of the rocket and to the motion of the canister 
after it is released. Find the time it takes the canister to reach the ground after it is released and find the height of 
the rocket after this time has elapsed. The canister travels up to its maximum height and then returns to the ground. 
SET Up: Let +y be upward. At the instant that the canister is released, it has the same velocity as the rocket. 


After it is released, the canister has a, =—9.80 m/s’ . At its maximum height the canister has v, =0. 
EXECUTE: (a) Find the speed of the rocket when the canister is released: v, =0, a, =3.30 m/s’, 
yy =235m. v? =v, +2a,(y—y) gives v, =,/2a,(y—y%) = 2.30 m/s’)(235 m) =39.4 m/s . For the 


motion of the canister after it is released, v, = +39.4 m/s , a, =—9.80 m/s’, y- y, =-235m. 


Y-Y =Voyt + tat? gives —235 m = (39.4 m/s)t — (4.90 m/s’)t’ . The quadratic formula gives ¢ =12.0 sas the 
positive solution. Then for the motion of the rocket during this 12.0 s, 
Y-Y =Voyt +a t =235 m + (39.4 m/s)(12.0 s) +4(3.30 m/s*)(12.0 s)? =945 m . 


(b) Find the maximum height of the canister above its release point: Voy = +39.4 m/s , v, = 0, a,= ~9.80 m/s? . 


v? =v, +2a,(y—y,) gives = v% Wo 009A ms)" 79.2 m . After its release the canister travels 
O ROLE T = ORO I 


y 


upward 79.2 m to its maximum height and then back down 79.2 m + 235 m to the ground. The total distance it 
travels is 393 m. 
EVALUATE: The speed of the rocket at the instant that the canister returns to the launch pad is 


V, =W, + 4,t =39.4 m/s + (3.30 m/s”)(12.0 s) = 79.0 m/s . We can calculate its height at this instant by 


vi =v, — (79.0 m/s) 
+2a (y—y,) with v,, =Oand v, =79.0 m/s. =~ = - =946 m , which agrees 
TENN oy > as me 2630 m/s) 2 


y 


with our previous calculation. 

IDENTIFY: Both objects are in free-fall and move with constant acceleration 9.80 m/s” , downward. The two 
balls collide when they are at the same height at the same time. 

SETUP: Let +y be upward, so a, =—9.80 m/s? for each ball. Let y = Oat the ground. Let ball A be the one 


thrown straight up and ball B be the one dropped from rest at height H. y,,=0, Yop =H. 


EXECUTE: (a) y- y, =Vv,t+ lat applied to each ball gives y, =v,t-4+g¢° and y, =H-+}gt. y,=yz, gives 


H 
vt -—+.gt? =H -}gt and t=—. 
Vo 
b) For ball A at its highest point, v , =Oand v, =v, +a t gives t= Yo Setting this equal to the time in 
8 p yA y Voy t4 B z 8 q 
. H s 
part (a) gives — = “0 and H =~ 
V § g 


; H. ; ; H 
EVALUATE: In part (a), using t = — in the expressions for y, and y, gives y4 = yz = afi -25) . H must be 
Vo Vo 
2v? : ie! : 
less than ~"° in order for the balls to collide before ball A returns to the ground. This is because it takes ball A 


8 
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; aana 2v 
time t= a to return to the ground and ball B falls a distance + gt? = Mi during this time. When H = "0 the 
g g g 
two balls collide just as ball A reaches the ground and for H greater than this ball A reaches the ground before 
they collide. 
IDENTIFY and SETUP: Use v, =dx/dt and a,=dv,/dt to calculate v (t) and a,(t) for each car. Use these 


equations to answer the questions about the motion. 


EXECUTE: x,=at+ ft’, vq = St =a 4 2p a= Za =28 
i t 
dx _dv 
x,=yt'—6f, v, =—2=2yt-36t’?, a, =-= -—2y-6ôt 
B y Bx dt y Be T dt ¥ 


(a) IDENTIFY and SET UP: The car that initially moves ahead is the one that has the larger v,,. 

EXECUTE: At ¢=0, v,,=a@ and v,,=0. So initially car A moves ahead. 

(b) IDENTIFY and SET UP: Cars at the same point implies x, = xp. 

att Br =yt? -6t 

EXECUTE: One solution is ¢=0, which says that they start from the same point. To find the other solutions, 
divide by t: æ + Bt = yt — ôt’ 

ôt PoE 


-=(- B-B- -4a )=— 540 salt! 60 + /(1.60)? — 4(0.20)(2. 60)) = 4.00 s +1.73 s 


So x,=x, for t=0, t=2.27 s and t=5.73 s. 


EVALUATE: Car A has constant, positive a,. Its v, is positive and increasing. Car B has v,, =0 and a, that is 


initially positive but then becomes negative. Car B initially moves in the +x-direction but then slows down and 
finally reverses direction. At t = 2.27 s car B has overtaken car A and then passes it. At t = 5.73 s, car B is 
moving in the —x-direction as it passes car A again. 


(c) IDENTIFY: The distance from A to B is x, —x,. The rate of change of this distance is Sain, If this 
t 


distance is not changing, d&s Fa) =0. But this says v, —v, =0. (The distance between A and B is neither 
ging dt YS Va, Vax 


decreasing nor increasing at the instant when they have the same velocity.) 
SETUP: v,.=Vv,, requires @+26t =2yt -38t 
EXECUTE: 36t7+2(B-y)t+a=0 


1 
=> AB- JAB -7° -128a )=- E al? 20+ [4(-1.60)? —12(0.20)(2. 60)) 


t=2.667 s+1.667 s, so v, =v, for t=1.00 s and t=4.33 s. 
EVALUATE: At ¢=1.00s, v, =v, =5.00 m/s. At t =4.33 s, vi =v,, =13.0 m/s. Now car B is slowing down 


while A continues to speed up, so their velocities aren’t ever equal again. 
(d) IDENTIFY and SETUP: a, =a,, requires 28 =2y — 6ôt 


y-B _ 2.80 m/s’ -1.20 m/s? 
36 3(0.20 m/s?) 
EVALUATE: At ¢=0, a,,>a,,, but ap, is decreasing while a, is constant. They are equal at t = 2.67 s but 


EXECUTE: t= =2.67 s. 


for all times after that a, <a,.. 


IDENTIFY: The apple has two segments of motion with constant acceleration. For the motion from the tree to the 
top of the grass the acceleration is g, downward and the apple falls a distance H —/ . For the motion from the top 
of the grass to the ground the acceleration is a, upward, the apple travels downward a distance A, and the final 
speed is zero. 

SETUP: Let +y be upward and let y = Oat the ground. The apple is initially a height H + h above the ground. 


EXECUTE: (a) Motion from y,=H+h to y=H: y-y=-H, vw, =0,4,=-g. v = vo +2a, (y -y,) gives 
=-—,/2gH . The speed of the apple is 4/2gHĦ as it enters the grass. 
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(b) Motion from y, =h to y=0: y-yy=—h, Ww, =—-V2gH . v =y +2a,(y— yo) gives 
gs Vy Voy _~2gH _ gH 
”  2(y-Yo) Uh) A 
(c) Graphs of y-t, v,-t and a,-t are sketched in Figure 2.94. 


. The acceleration of the apple while it is in the grass is gH /h , upward. 


EVALUATE: The acceleration a produced by the grass increases when H increases and decreases when h 


increases. 
y 
Vy 
H+h ay 
t — 

I 

h l 

I 

t 
I 
t I 


Figure 2.94 


2.95. IDENTIFY: Apply constant acceleration equations to the motion of the two objects, the student and the bus. 
SET Up: For convenience, let the student's (constant) speed be v, and the bus's initial position be x,. Note that 
these quantities are for separate objects, the student and the bus. The initial position of the student is taken to be 
zero, and the initial velocity of the bus is taken to be zero. The positions of the student x, and the bus x, as 


functions of time are then x, = vt and x, =x, +(1/2)at’. 


‘ ; ; i 1 
EXECUTE: (a) Setting x, = x, and solving for the times ¢ gives t = v tve —2ax, ) 5 
a 


1 
t =———- 
(0.170 m/s”) 
The student will be likely to hop on the bus the first time she passes it (see part (d) for a discussion of the later 
time). During this time, the student has run a distance v, = (5 m/s)(9.55 s) =47.8 m. 
(b) The speed of the bus is (0.170 m/s’)(9.55 s) = 1.62 m/s . 


(c) The results can be verified by noting that the x lines for the student and the bus intersect at two points, as shown 
in Figure 2.95a. 
(d) At the later time, the student has passed the bus, maintaining her constant speed, but the accelerating bus then 


catches up to her. At this later time the bus's velocity is (0.170 m/s? )(49.3 s) =8.38 m/s. 


((s.0 m/s) + J(5.0 m/s)? —2(0.170 m/s*)(40.0 m)) =9.55 s and 49.3 s. 


(e) No; v, <2ax,, and the roots of the quadratic are imaginary. When the student runs at 3.5 m/s, Figure 2.95b 
shows that the two lines do not intersect: 
(f) For the student to catch the bus, v > 2ax,. and so the minimum speed is 


3.69 m/s 


\2(0.170 m/s? )(40 m/s) =3.688 m/s. She would be running for a time oo 


= 21.7 s, and covers a 


distance (3.688 m/s) (21.7 s) =80.0 m. 


However, when the student runs at 3.688 m/s, the lines intersect at one point, at x = 80 m, as shown in 

Figure 2.95c. 

EVALUATE: The graph in part (c) shows that the student is traveling faster than the bus the first time they meet 
but at the second time they meet the bus is traveling faster. 


b = big — 0 
x(m) x(m) x(m) 
400 
300 Fld / 
> 
200 pe 


100 


24 36 48 60 | 16 24 32 40. 
(a) (b) 
Figure 2.95 
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2.96. 


2.97. 


2.98. 


IDENTIFY: Apply y- yY, =Vo,f+ tat to the motion from the maximum height, where v,, =0 . The time spent 
above Y,,,,/20n the way down equals the time spent above y,,,, /2 on the way up. 

SETUP: Let +y be downward. a, =g. y-— Yo = Vinx /2 when he is a distance y,,,, /2 above the floor. 
EXECUTE: The time from the maximum height to ya /2 above the floor is given by y,,,,/2=+gt; . The time 
from the maximum height to the floor is given by Ymax =4 gt. and the time from a height of y,,,, /2 to the floor is . 
to Ymax ! 2 oe ae 
b> A Vax “N Yaa l2 N21 
EVALUATE: The person spends over twice as long above y,,,,/2 as below Yax /2. His average speed is less 


24. 


above y,,,,/2 than it is when he is below this height. 
IDENTIFY: Apply constant acceleration equations to both objects. 
SET Up: Let +y be upward, so each ball has a, =—g . For the purpose of doing all four parts with the least 


repetition of algebra, quantities will be denoted symbolically. That is, let y, = h + vot gt, y,=h g(t DE 


2 
In this case, tf) =1.00s. 


EXECUTE: (a) Setting y, = y, =0, expanding the binomial (t =h y and eliminating the common term 


é . 1 gt t 1 
gt” yields vt = gtt —4.gt; . Solving for t: t=—=*—=2 , 


gt,-—v, 2(1-v 26) 

Substitution of this into the expression for y, and setting y, =0 and solving for h as a function of v, yields, after 

2 (Gg fo = Vo y . . 2 
some algebra, h = 4 gt, —-————.. Using the given value 4, =1.00 s and g =9.80 m/s 3 

(gt, as Vy) 

4.9 m/s- a 
h=20.0 m=(4.9 m) 25 | 

9.8 m/s=v, 


This has two solutions, one of which is unphysical (the first ball is still going up when the second is released; see 
part (c)). The physical solution involves taking the negative square root before solving for v, , and yields 8.2 m/s. 
The graph of y versus ¢ for each ball is given in Figure 2.97. 

(b) The above expression gives for (1), 0.411 m and for (ii) 1.15 km. 

(c) As v, approaches 9.8 m/s , the height h becomes infinite, corresponding to a relative velocity at the time the 


second ball is thrown that approaches zero. If v, >9.8 m/s, the first ball can never catch the second ball. 

(d) As v, approaches 4.9 m/s, the height approaches zero. This corresponds to the first ball being closer and closer 
(on its way down) to the top of the roof when the second ball is released. If v, <4.9 m/s, the first ball will already 
have passed the roof on the way down before the second ball is released, and the second ball can never catch up. 
EVALUATE: Note that the values of v, in parts (a) and (b) are all greater than vin and less than v,,,, . 


min 


y(m) 


N 


t (s) 


l 9) 


Figure 2.97 


IDENTIFY: Apply constant acceleration equations to the motion of the boulder. 
SET Up: Let +y be downward, so a,=+g. 
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EXECUTE: (a) Let the height be h and denote the 1.30-s interval as At; the simultaneous equations 


ication : t 
h=+gt’,*h=4g(t—At)’ can be solved for ¢. Eliminating h and taking the square root, rare E and 


At nies aol : 
t =———, and substitution into h =1g?? gives h =246 m. 
1-2/3 as 
(b) The above method assumed that ¢ > 0 when the square root was taken. The negative root (with At=0) gives 


an answer of 2.51 m, clearly not a “cliff”. This would correspond to an object that was initially near the bottom of 
this “cliff” being thrown upward and taking 1.30 s to rise to the top and fall to the bottom. Although physically 
possible, the conditions of the problem preclude this answer. 


EVALUATE: For the first two-thirds of the distance, y- y, =164m, w, =0,and a, =9.80 m/s’. 
v, =4/24,(y — Ya) =56.7 m/s . Then for the last third of the distance, y—y, =82.0 m , v, =56.7 m/s and 
a, =9.80 m/s’. y- Y, =V t + 3a,’ gives (4.90 m/s”)t” + (56.7 m/s)t -82.0 m=0. 


t=- -56.7 +56.7? +4(4.9)(82.0) ) s =1.30 s , as required. 


MOTION IN TWO OR THREE DIMENSIONS 


3.1. IDENTIFY and SET UP: Use Eq.(3.2), in component form. 
Ax x,-x, 53m-—I.lm 


EXECUTE: (v,,) = =14 m/s 
* At t=t 308-0 
(v,.) _Ay_yy-y, _-0.5m—-3.4m _ 13 m/s 
> At G- 3.0s-0 
Vay y Ti. 
a Ow) TORE. ), =1.3 mis _ 0.9286 
x (va). 1.4 m/s 


a = 360° — 42.9° = 317° 
Vay = (va) +(v,.). 


pasta ta r a v, = (1.4 m/s)? +(—1.3 m/s)? =1.9 m/s 


Figure 3.1 


EVALUATE: Our calculation gives that ¥,, is in the 4th quadrant. This corresponds to increasing x and 


decreasing y. 
3.2. IDENTIFY: Use Eq.(3.2), written in component form. The distance from the origin is the magnitude of F . 
SETUP: Attime ¢,, x,=y,=0. 


EXECUTE: (a) x=(v,,,,)At =(—3.8m/s)(12.0 s) = -45.6 mand y= (v, 


av-y 


)At =(4.9m/s)(12.0 s)=58.8 m . 


(b) r =x? + y? = (45.6 m}? + (58.8 m}? = 74.4 m. 
EVALUATE: AF is in the direction of v,,. Therefore, Av is negative since v,,is negative and Ay is positive 
since v,,,,,i8 positive. 


3.3. (a) IDENTIFY and SETUP: From F we can calculate x and y for any t. 
Then use Eq.(3.2), in component form. 


EXECUTE: F= [ 4.0 cm +(2.5 om/s*)¢? |i +(5.0 cm/s) 4 
At t=0, F =(4.0 cm)i. 


At t=2.0 s, F=(14.0 cm)i +(10.0 cm)j. 


(va), L ET cm/s. 
SRA AT 2.0s 

(va) S 5) cm/s. 
© At 2.0s 


3-1 


3-2 


3.4. 


3.5. 


Chapter 3 
y 
Yav Vay = af(Vay y +(V,,). =7.1 cm/s 
ayy tana = Ca), =1.00 
(va), 
a 0 =45° 
May), 


Figure 3.3a 
EVALUATE: Both x and y increase, so V, is in the 1st quadrant. 
(b) IDENTIFY and SETUP: Calculate 7 by taking the time derivative of F(t). 
_ df o7.\3 A 
EXECUTE: Ý S ([5.0 cm/s Ji +(5.0 cm/s) j 
t=0: v,=0, v,=5.0 cm/s; v=5.0 cm/s and 6=90° 
t=1.0 s: v, =5.0 cm/s, v, = 5.0 cm/s; v=7.1 cm/s and 8 = 45° 
t=2.0s: v, =10.0 cm/s, v, =5.0 cm/s; v=11 cm/s and 0 = 27° 
(c) The trajectory is a graph of y versus x. 
x=4.0 cm + (2.5 cm/s’)t’, y = (5.0 cm/s)t 
For values of t between 0 and 2.0 s, calculate x and y and plot y versus x. 


y 
(cm) 


107 


ł t ł + 4 x (cm) 
2 4 6 8 10 12 14 


Figure 3.3b 
EVALUATE: The sketch shows that the instantaneous velocity at any t is tangent to the trajectory. 
IDENTIFY: Y= dr/dt . This vector will make a 45° -angle with both axes when its x- and y-components are equal. 
a(t") _ 
dt 
EXECUTE: 9 = 2bti +3ct?j. v, =v, gives t = 2b/3c . 


SET UP: nt". 


EVALUATE: Both components of Y change with t. 


IDENTIFY and SET UP: Use Eq.(3.8) in component form to calculate (an) and (ay Je 


x 
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3.6. 


3.7. 


EXECUTE: (a) The velocity vectors at ¢, =0 and ¢, =30.0 s are shown in Figure 3.5a. 


y y 


Figure 3.5a 
(b) (an) = Av, _ Yas Yis _ 170 m/s —90 m/s -8.67 m/s? 
* At 6-b 30.0 s 
A E a aaah 
” At b-t 30.0 s 


a=,|(a,, ye Hlan), =8.98 m/s? 


(4), _ -2.33 m/s? 
(a,,), -8.67 m/s? 
æ =15° +180° =195° 


= 0.269 


tana = 


Figure 3.5b 


EVALUATE: The changes in v, and v, are both in the negative x or y direction, so both components of a,, are in 


the 3rd quadrant. 
IDENTIFY: Use Eq.(3.8), written in component form. 


SETUP: a, =(0.45m/s’)cos31.0° =0.39m/s’, a, =(0.45m/s’)sin31.0° =0.23m/s” 
x y 


Av 
EXECUTE: (a) dux =- 
At 


A 
and v, =2.6 m/s + (0.39 m/s°)\(10.0 s)=6.5 m/s. a,,., = = and 


av-y 


v, =—1.8 m/s + (0.23 m/s’)(10.0 s) =0.52 m/s. 


(b) v= V6.5 m/s)’ +(0.52m/s)” =6.48m/s , at an angle of arctan (2) =4.6° above the horizontal. 


(c) The velocity vectors v, and v, are sketched in Figure 3.6. The two velocity vectors differ in magnitude and 
direction. 
EVALUATE: v, is at an angle of 35° below the +x-axis and has magnitude v, =3.2 m/s, so v, >v, and the 
direction of Y, is rotated counterclockwise from the direction of ¥, . 

F 


vj 


Figure 3.6 
IDENTIFY and SET UP: Use Eqs.(3.4) and (3.12) to find v,, v 


y? 


and direction of f and a@ can be found once we know their components. 


a,, and a, as functions of time. The magnitude 
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EXECUTE: (a) Calculate x and y for ¢ values in the range 0 to 2.0 s and plot y versus x. The results are given in 
Figure 3.7a. 


x (m) 


2.0 + 


Figure 3.7a 
(b) v, =— =a v= ? -2ft 
dv dv, 
a,=—=0 a; =—>=-2 
” dt ” dt B 


Thus ¥=ai -2p @=-2f) 


(c) velocity: At t=2.0 s, v, =2.4 m/s, v, =-2(1.2 m/s?)(2.0 s) = —4.8 m/s 


y 


v=, |v? +v? =5.4 m/s 


v, _—4.8 m/s 
tana = — = 


v 2.4m/s 


x 


a = —63.4° + 360° = 297° 


= -2.00 


v 


Figure 3.7b 


acceleration: At t=2.0s, a, =0, a, =—2(1.2 m/s’) = —2.4 m/s” 


A a= ja} +a, =2.4 m/s’ 
B 


a, 2. 2 
a tan B= v= 2A mig = —00 
a 


: 0 
B =270° 


Figure 3.7c 


EVALUATE: (d) & has a component a, in the same direction as 
x 


y, so we know that v is increasing (the bird is speeding up.) 
a also has a component a, perpendicular to y, so that the 


direction of ¥ is changing; the bird is turning toward the 
—y-direction (toward the right) 


Figure 3.7d 
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y is always tangent to the path; v at t=2.0s shown in part (c) is tangent to the path at this ¢, conforming to this 
general rule. @ is constant and in the —y-direction; the direction of ¥ is turning toward the —y-direction. 


3.8. IDENTIFY: The component a, of a perpendicular to the path is related to the change in direction of v and the 
component a, of a parallel to the path is related to the change in the magnitude of v . 
SETUP: When the speed is increasing, a, is in the direction of vw and when the speed is decreasing, a, is opposite 
to the direction of Y . When v is constant, a, is zero and when the path is a straight line, a, is zero. 


EXECUTE: The acceleration vectors in each case are sketched in Figure 3.8a-c. 
EVALUATE: 4, is toward the center of curvature of the path. 


a 
Ry Ni 
a v 
E E > 7 
7 / a 7 E 


= ear 
a=0 9D on LAD 
fai i oat ya 

a s A 
A < N Z 

(a (b) (9) 


Figure 3.8a-c 


) 


3.9. IDENTIFY: The book moves in projectile motion once it leaves the table top. Its initial velocity is horizontal. 
SETUP: Take the positive y-direction to be upward. Take the origin of coordinates at the initial position of the 


book, at the point where it leaves the table top. 
y 


x-component: 
a,=0, v, =1.10 m/s, 


t =0.350 s 


y-component: 
a, =-9.80 m/s’, 


Voy = 0, 


aii t =0.350 s 
? I 
v, l 
N j 


Figure 3.9a 


Use constant acceleration equations for the x and y components of the motion, with a, =0 and a, =—g. 
EXECUTE: (a) y—y, =? 

Y~Vo =Voyt +a t =0+4(-9.80 m/s’)(0.350 s)? = —0.600 m. The table top is 0.600 m above the floor. 
(b) x- x =? 

X=X) =Vy,t +}a t’ =(1.10 m/s)(0.350 s) +0 = 0.358 m. 

(c) v, =v, +a,t =1.10 m/s (The x-component of the velocity is constant, since a, = 0.) 

vV, =W, +a t =0+(-9.80 m/s’)(0.350 s) = -3.43 m/s 


Direction of ý is 72.2° below the horizontal 


mS v=, +v =3.60 m/s 

I 

ig ee RN Bag 
i v, 110m5 

i gan 

I 


v 


Figure 3.9b 
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3.10. 


3.11. 


3.12. 


3.13. 


(d) The graphs are given in Figure 3.9c 


TREK 


Figure 3.9c 


EVALUATE: In the x-direction, a, =0 and v, is constant. In the y-direction, a, =—9.80 m/ s? and v, is 
downward and increasing in magnitude since a, and v, are in the same directions. The x and y motions occur 


independently, connected only by the time. The time it takes the book to fall 0.600 m is the time it travels 
horizontally. 

IDENTIFY: The bomb moves in projectile motion. Treat the horizontal and vertical components of the motion 
separately. The vertical motion determines the time in the air. 

SETUP: The initial velocity of the bomb is the same as that of the helicopter. Take +y downward, so a, =0, 


a, = +9.80 m/s’, v, = 60.0 m/s and v,, =0. 


a, 9.80 m/s” 
(b) The bomb travels a horizontal distance x — x, =Vvy,f+ tat? = (60.0 m/s)(7.82 s)=470 m. 
(e) v, =v), =60.0 m/s. v, =v, +4,t= (9.80 m/s’)(7.82 s) =76.6 m/s . 


(d) The graphs are given in Figure 3.10. 

(e) Because the airplane and the bomb always have the same x-component of velocity and position, the plane will 
be 300 m directly above the bomb at impact. 

EVALUATE: The initial horizontal velocity of the bomb doesn’t affect its vertical motion. 


x v, Vy 
ie t Va 
O j 4 o! o) : 


Figure 3.10 


2(y- 2(300 
EXECUTE: (a) y- y, =v, tia t with y -— y, =300 m gives =j Q=) | (20010) =7.82s. 


IDENTIFY: Each object moves in projectile motion. 

SETUP: Take +y to be downward. For each cricket, a, =0 and a, = +9.80 m/s? . For Chirpy, v, = Vy, =0. For 
Milada, v, =0.950 m/s, v, =0 

EXECUTE: Milada's horizontal component of velocity has no effect on her vertical motion. She also reaches the 
ground in 3.50 s. x— x, =Vv),t+4a,t° = (0.950 m/s)(3.50 s) =3.32 m 


EVALUATE: The x and y components of motion are totally separate and are connected only by the fact that the 
time is the same for both. 

IDENTIFY: The person moves in projectile motion. She must travel 1.75 m horizontally during the time she falls 
9.00 m vertically. 


SETUP: Take +y downward. a,=0, a, =+9.80 m/s’. Vy, =W, Vy, =0. 


2(9.00 m) 


as 


: ; pH 
EXECUTE: Time to fall 9.00 m: y- y, = vt +a t gives = (Y= Yo) -| 
a, 


Speed needed to travel 1.75 m horizontally during this time: x — x, =v),t+ tat gives 

x—x, 1.75m 
t 1.368 

EVALUATE: _ If she increases her initial speed she still takes 1.36 s to reach the level of the ledge, but has traveled 

horizontally farther than 1.75 m. 

IDENTIFY: The car moves in projectile motion. The car travels 21.3 m—1.80 m=19.5 m downward during the 

time it travels 61.0 m horizontally. 


SET Up: Take +y to be downward. a, =0, a, =+9.80 m/s’. v, =V, vy, =0. 


=1.29 m/s. 


V vV, 


( es |) cae 
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3.14. 


3.15. 


3.16. 


EXECUTE: Use the vertical motion to find the time in the air: 


(y= Yo) _ ce m) 
a, 9.80 m/s” 


=1.995 s 


Y- Yo =Voyt + tat gives t= | 


x-y% _ 61.0m 

t 1.995 s 
(b) v, =30.6m/s since a, =0. v, =v, +a,t=—19.6m/s . v=,/v, +v? =36.3m/s. 
EVALUATE: We calculate the final velocity by calculating its x and y components. 


IDENTIFY: The marble moves with projectile motion, with initial velocity that is horizontal and has 
magnitude v, . Treat the horizontal and vertical motions separately. If v, is too small the marble will land to the 


Then x—x, =v, t++tat’ gives vy, =v, = = 30.6 m/s. 
0 Ox AT 8 0 0x 


left of the hole and if v, is too large the marble will land to the right of the hole. 


SET Up: Let +x be horizontal to the right and let +y be upward. vo, =v), %, =0, 4,=0, a, =—9.80 m/s” 
EXECUTE: Use the vertical motion to find the time it takes the marble to reach the height of the level ground; 


y-y =-2.75m. y—-y, =v, t+4a,t° gives t= (y= Yo) _ poe w =0.749 s . The time does not depend 
: 2 a, -9.80 m/s 
on v. 
wre, tito. — xy 2.00 m 
Minimum v: x- x, =2.00 m, ¢=0.749 s. x— Xo = Vt +34,t" gives Vy : ETS 2.67 m/s. 
749 s 


Maximum v: x —x, =3.50 m and v, = 4.67 m/s . 
.749 s 


EVALUATE: The horizontal and vertical motions are independent and are treated separately. Their only 
connection is that the time is the same for both. 

IDENTIFY: The ball moves with projectile motion with an initial velocity that is horizontal and has magnitude v, . 
The height A of the table and v, are the same; the acceleration due to gravity changes from g, =9.80 m/s’ on earth 
to g, on planet X. 

SET Up: Let +x be horizontal and in the direction of the initial velocity of the marble and let +y be upward. 


Vox =Vo> Voy =9, a, =0, a, =-g , where gis either g, or gx. 


F. 


EXECUTE: Use the vertical motion to find the time in the air: y- y, =—h. y— Y =V,t +4 lat gives t= |-—. 
g 


. 2h 
Then x- x) = Vt +44 t gives x- xX) = Vat =Vv),/— . X-X =D on earth and 2.76D on Planet X. 
g 


Geax je = vyv2h , which is constant, so D,/g, =2.76D./gy . gy = ae? =0.131g, =1.28 m/s’. 


EVALUATE: On Planet X the acceleration due to gravity is less, it takes the ball longer to reach the floor, and it 
travels farther horizontally. 
IDENTIFY: The football moves in projectile motion. 


SETUP: Let +y be upward. a,=0, a, =—g . At the highest point in the trajectory, v, =0. 


: . Yo,  16.0m/s 
EXECUTE: (a) v, =v,, +a,t . The time t is L 2 AOI s 
y Y y 2 
g  9.80m/s 
(b) Different constant acceleration equations give different expressions but the same numerical result: 
2 
v 
tg? =4y, t= =13.1m. 
2g 


(c) Regardless of how the algebra is done, the time will be twice that found in part (a), or 3.27 s 
(d) a, =0, so x—x, = vot =(20.0 m/s)(3.27 s) = 65.3 m. 
(e) The graphs are sketched in Figure 3.16. 
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3.17. 


3.18. 


3.19. 


EVALUATE: When the football returns to its original level, v, = 20.0 m/s and v= —16.0 m/s. 
x y V y 
t t 
Figure 3.16 


IDENTIFY: The shell moves in projectile motion. 
SETUP: Let +x be horizontal, along the direction of the shell's motion, and let +y be upward. a, =0, 
a, =—9.80 m/s’. 


EXECUTE: (a) v), =V cosa, = (80.0 m/s)cos60.0° = 40.0 m/s, v}, =v, sina, = (80.0 m/s)sin60.0° = 69.3 m/s . 


V,—Voy _0-69.3 m/s _ 
a, -9.80 m/s” 


y 


(b) At the maximum height v, =0. v, =v,, +a,f gives t= 7.07 s 


2 2 2 
(© v? =v, +2a,(y— yo) gives y- y = a = a s m = 
(d) The total time in the air is twice the time to the maximum height, so 

XX) =Vy,t+4a,t° = (40.0 m/s)(14.14 s) = 566 m. 

(e) At the maximum height, v, =v), =40.0 m/s and v, =0. At all points in the motion, a, =0 and 


a, =—9.80 m/s’ . 


245m. 


a: 
Vp Sin 2a, 


EVALUATE: The equation for the horizontal range R derived in Example 3.8 is R= . This gives 


g- 80.0 m/s)’ sin(120.0°) 
9.80 m/s? 


IDENTIFY: The flare moves with projectile motion. The equations derived in Example 3.8 can be used to find the 
maximum height / and range R. 


= 566 m, which agrees with our result in part (d). 


PPRP: $a 
SETUP: From Example 3.8, h vo S Qo dR _ vo Sin2a i 
2g g 
os o2 Jeri 7 
EXECUTE: (a) h= (125 m/s) Guat ) 2535m. R= (125 m/s) Gao ) <4 shan 


9.80 m/s? 


b) h and R are proportional to 1/g , so on the Moon, h = 
H mp j È m/s” 


Joss m) =3140 m and 


1.67 m/s” 


EVALUATE: The projectile travels on a parabolic trajectory. It is incorrect to say that h =(R/2)tana, . 


ph 
E Peas, Jaso m) =8800 m . 


IDENTIFY: The baseball moves in projectile motion. In part (c) first calculate the components of the velocity at 
this point and then get the resultant velocity from its components. 
SETUP: First find the x- and y-components of the initial velocity. Use coordinates where the +y-direction is 


upward, the +x-direction is to the right and the origin is at the point where the baseball leaves the bat. 
x 


Vox = Vy COS A) = (30.0 m/s) cos36.9° = 24.0 m/s 
Voy = Vp Sin @ = (30.0 m/s)sin36.9° = 18.0 m/s 


Vox 


Figure 3.19a 


Use constant acceleration equations for the x and y motions, with a, =0 and a, =-g. 
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3.20. 


EXECUTE: (a) y-component (vertical motion): 

Y- y, =+10.0 m/s, v,, =18.0 m/s, a, =-9.80 m/s’, t=? 
Y— Yo =V%, + tat 

10.0 m = (18.0 m/s)t — (4.90 m/s’)t? 

(4.90 m/s”)t? — (18.0 m/s)t +10.0 m =0 


Apply the quadratic formula: t = 718.0 y(-18.0) -4(4.90)(10.0) | s =(1.837+1.154) s 


The ball is at a height of 10.0 above the point where it left the bat at 4, = 0.683 s and at t, = 2.99 s. At the earlier 


time the ball passes through a height of 10.0 m as its way up and at the later time it passes through 10.0 m on its 
way down. 
(b) v, =v), =+24.0 m/s, at all times since a, =0. 


V, =V tat 

t, = 0.683 s: v, =+18.0 m/s + (—9.80 m/s’)(0.683 s) = +11.3 m/s. ( v, is positive means that the ball is traveling 
upward at this point. 

t, =2.99 s: v, =+18.0 m/s +(—9.80 m/s’)(2.99 s) = -11.3 m/s. (v, is negative means that the ball is traveling 
downward at this point.) 

(c) v, = Vo, =24.0 m/s 

Solve for v,: 

v, =?, y—y,=0 (when ball returns to height where motion started), 


a, =-9.80 m/s’, v 5 = +18.0 m/s 


0 
v = Vo +2a,(y—-y) 
V, =—Vvy, =—18.0 m/s (negative, since the baseball must be traveling downward at this point) 


Now that have the components can solve for the magnitude and direction of v. 


y v=, +v 
| v= 4|(24.0 m/s}? +(-18.0 m/s)? =30.0 m/s 
v, _—18.0 m/s 


tan æ = = 
v. 24.0 m/s 


x 


a= -36.9°, 36.9° below the horizontal 


Figure 3.19b 


The velocity of the ball when it returns to the level where it left the bat has magnitude 30.0 m/s and is directed at 
an angle of 36.9° below the horizontal. 

EVALUATE: The discussion in parts (a) and (b) explains the significance of two values of ¢ for which 

y— y, =+10.0 m. When the ball returns to its initial height, our results give that its speed is the same as its initial 


speed and the angle of its velocity below the horizontal is equal to the angle of its initial velocity above the 
horizontal; both of these are general results. 

IDENTIFY: The shot moves in projectile motion. 

SET Up: Let +y be upward. 


EXECUTE: (a) If air resistance is to be ignored, the components of acceleration are 0 horizontally and 

-g =—9.80 m/ s? vertically downward. 

(b) The x-component of velocity is constant at v, = (12.0 m/s)cos51.0° = 7.55 m/s . The y-component is 

Vo, = (12.0 m/s)sin 51.0° = 9.32 m/s at release and v, = v,, — gt = (10.57 m/s) — (9.80 m/s’ )(2.08 s) = —1 1.06 m/s 
when the shot hits. 

(©) x- xX = vat = (7.55 m/s)(2.08 s)=15.7 m . 

(d) The initial and final heights are not the same. 

(e) With y=0 and v,,as found above, Eq.(3.18) gives y, =1.81m. 


(£) The graphs are sketched in Figure 3.20. 
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3.21. 


3.22. 


EVALUATE: When the shot returns to its initial height, v= —9.32 m/s . The shot continues to accelerate 


downward as it travels downward 1.81 m to the ground and the magnitude of v, at the ground is larger than 
9.32 m/s. 


x(t) (m) y(t) (m) v, (m/s) vy(t) (m/s) 


= 10 


t(s) —20 


Figure 3.20 


IDENTIFY: Take the origin of coordinates at the point where the quarter leaves your hand and take positive y to 
be upward. The quarter moves in projectile motion, with a, =0, and a, =~g. It travels vertically for the time it 
takes it to travel horizontally 2.1 m. 


Vo, = Vo COSA, = (6.4 m/s) cos 60° 


z Vp, = 3.20 m/s 
| ? Voy = Vy Sina, = (6.4 m/s)sin 60° 
ane x Vo, =5.54 m/s 
Figure 3.21 


(a) SET Up: Use the horizontal (x-component) of motion to solve for ¢, the time the quarter travels through the 

air: 

t=?, x-x,=2.1m, vy, =3.2 m/s, a, =0 

X— X =V t +a t =Vvy,t, since a, =0 

x-x, 21m 
Vox ~ 3.2 m/s 

SET Up: Now find the vertical displacement of the quarter after this time: 

YY =?, a, =—9.80 m/s°, Vo, = +5.54 m/s, t=0.656 s 


EXECUTE: t= =0.656 s 


Y— Yo t Yot + lat 

EXECUTE: y- y, =(5.54 m/s)(0.656 s) +4(—9.80 m/s”)(0.656 s)? =3.63 m-2.11 m =1.5 m. 

(b) SETUP: v,=?, t=0.656s, a,=-9.80 m/s’, v,, =+5.54 m/s 

V, =V tae 

EXECUTE: v, =5.54 m/s + (—9.80 m/s°)(0.656 s) = -0.89 m/s. 

EVALUATE: The minus sign for v, indicates that the y-component of ¥ is downward. At this point the quarter 


has passed through the highest point in its path and is on its way down. The horizontal range if it returned to its 
original height (it doesn’t!) would be 3.6 m. It reaches its maximum height after traveling horizontally 1.8 m, so at 


x—X, =2.1m it is on its way down. 
IDENTIFY: Use the analysis of Example 3.10. 


SET Up: From Example 3.10, t = m: Oe and yan = (Vasina t -igt . 
Vy COS Œg 


EXECUTE: Substituting for t in terms of d in the expression for y,,, gives 
gd 
=d| tana, -—- |. 
nas °  2v? cos” a, 
Using the given values for d and a, to express this as a function of v, , 
26.62 m’/s” 
y =(3.00 m[ os emi 
Vo 
(a) v =12.0 m/s gives y =2.14 m. 
(b) v, =8.0 m/s gives y =1.45 m. 
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3.23. 


(c) v, =4.0 m/s gives y =—2.29 m. In this case, the dart was fired with so slow a speed that it hit the ground before 


traveling the 3-meter horizontal distance. 

EVALUATE: For (a) and (d) the trajectory of the dart has the shape shown in Figure 3.26 in the textbook. For (c) 
the dart moves in a parabola and returns to the ground before it reaches the x-coordinate of the monkey. 
IDENTIFY: Take the origin of coordinates at the roof and let the +y-direction be upward. The rock moves in 


projectile motion, with a, =0 and a, =-g. Apply constant acceleration equations for the x and y components of 


the motion. 
SET UP: 


Vox = Vo COSA, = 25.2 m/s 
Voy = vo sina, =16.3 m/s 


15.0 m 


Figure 3.23a 

(a) At the maximum height v, =0. 

a, = —9.80 m/s’, v, =0, Voy =+16.3 m/s, y- y, =? 
v = Voy + 2a,(y =y) 


2 2: 2 
Vee —(16.3 
EXECUTE: y—y,=——~% = pe uae = 


2a,  2(-9.80 m/s”) 


(b) SET Up: Find the velocity by solving for its x and y components. 
V, =V = 25.2 m/s (since a, = 0) 


+13.6 m 


v,=?, a, =—9.80 m/s’, y- y, =—15.0 m (negative because at the ground the rock is below its initial position), 
Vo, =16.3 m/s 

v = Voy +2a,(y =y) 

n= =e, 2a 0-7) (v, is negative because at the ground the rock is traveling downward.) 

EXECUTE: v, = (16.3 m/s)” + 2(—9.80 m/s?)(—15.0 m) = -23.7 m/s 


y 


Then v=,]v? +v? = (25.2 m/s)? +(—23.7 m/s)? =34.6 m/s. 

(c) SETUP: Use the vertical motion (y-component) to find the time the rock is in the air: 
t=?, v, =-23.7 m/s (from part (b)), a, =—9.80 m/s’, Vo, = 416.3 m/s 

y _ ~23.7 m/s —16.3 m/s 
a ~9.80 m/s” 


y 


V, =V 


EXECUTE: t=— = +4.08 s 


SETUP: Can use this ¢ to calculate the horizontal range: 
t=4.08 s, vw, =25.2 m/s, a, =0, x-x) =? 


EXECUTE: x—X) =V),f+4a,t7 =(25.2 m/s)(4.08 s) +0 =103 m 


(d) Graphs of x versus ¢, y versus t, v, versus ¢, and v, versus ¢: 


EEK 


Figure 3.23b 
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3.24. 


3.25. 


3.26. 


3.27. 


EVALUATE: The time it takes the rock to travel vertically to the ground is the time it has to travel horizontally. 
With v,, =+16.3 m/s the time it takes the rock to return to the level of the roof (y =0) is t =2w,/g =3.33 s. The 
time in the air is greater than this because the rock travels an additional 15.0 m to the ground. 


IDENTIFY: Consider the horizontal and vertical components of the projectile motion. The water travels 45.0 m 
horizontally in 3.00 s. 
SET Up: Let +y be upward. a,=0, a, =—9.80 m/s”. vy, =W COSO), Voy = Vp SING - 

45.0 m 


EXECUTE: (a) x-x,=v,t++4at’ gives x—x, =v,(cos@,)t and cos@, = =0.600; 8, =53.1° 
(a) 0 Vorb FZ al 8B o = Vol V) 0 (25.0 m/s)(3.00 s) 0 


(b) At the highest point v, = v, =(25.0 m/s)cos53.1°=15.0 m/s, v, =O and v= ved v =15.0 m/s. At all points 


in the motion, a = 9.80 m/s? downward. 
(c) Find y—y, when t=3.00s: 


Y-Y =V,t 4 lat = (25.0 m/s)(sin53.1°)(3.00 s) +4(—9.80 m/s’)(3.00 s}? =15.9 m 
V, = Vo =15.0 m/s, v, =v, +a,t = (25.0 m/s)(sin53.1°) — (9.80m/s*)(3.00 s) =—9.41 m/s , and 


v= jv? +v? =/(15.0 m/s} +(-9.41 m/s)? =17.7 m/s 

EVALUATE: The acceleration is the same at all points of the motion. It takes the water 
Voy _ 20.0 m/s 
a -9.80 m/s? 


y 


t= 


=2.04 s to reach its maximum height. When the water reaches the building it has passed 


its maximum height and its vertical component of velocity is downward. 
IDENTIFY and SET UP: The stone moves in projectile motion. Its initial velocity is the same as that of the balloon. 
Use constant acceleration equations for the x and y components of its motion. Take +y to be upward. 


EXECUTE: (a) Use the vertical motion of the rock to find the initial height. 

t=6.00s, v, =+20.0 m/s, a,=+9.80 m/s’, y—y, =? 

Y-Y =Vo t +44 t? gives y- y, =296 m 

(b) In 6.00 s the balloon travels downward a distance y— y, = (20.0 s)(6.00 s)=120 m. So, its height above 
ground when the rock hits is 296 m -120 m =176 m. 

(c) The horizontal distance the rock travels in 6.00 s is 90.0 m. The vertical component of the distance between the 
rock and the basket is 176 m, so the rock is J (176 m)? + (90 m)? =198 m from the basket when it hits the ground. 


(d) (i) The basket has no horizontal velocity, so the rock has horizontal velocity 15.0 m/s relative to the basket. 
Just before the rock hits the ground, its vertical component of velocity is v, =v), +a,t = 


20.0 m/s + (9.80 m/s”)(6.00 s) =78.8 m/s, downward, relative to the ground. The basket is moving downward at 
20.0 m/s, so relative to the basket the rock has downward component of velocity 58.8 m/s. 

(e) horizontal: 15.0 m/s; vertical: 78.8 m/s 

EVALUATE: The rock has a constant horizontal velocity and accelerates downward 

IDENTIFY: The shell moves as a projectile. To just clear the top of the cliff, the shell must have 

Y — y, = 25.0 m when it has x-— x, =60.0 m. 

SETUP: Let +y be upward. a, =0, a, =-g . Vos = Vo c0843°, vo 
EE 

(v, cos 43°)t ` 

vertical motion: y — yy = Vo, + tat gives 25.0m = (v, sin 43.0°)t +4(-9.80m/s”)2’. 


= 5 o 
» = va sin43”. 


EXECUTE: (a) horizontal motion: x-— xX =v),f so t= 


Solving these two simultaneous equations for v, and t gives v, =3.26 m/s and t=2.51s. 
(b) v, when shell reaches cliff: 


V, =V +4,t = (32.6 m/s) sin 43.0° — (9.80 m/s’)(2.51 s) = -2.4 m/s 
The shell is traveling downward when it reaches the cliff, so it lands right at the edge of the cliff. 


; z i Voy F n 
EVALUATE: The shell reaches its maximum height at t = -—> = 2.27 s , which confirms that at t£ =2.51 s it has 
a 
7 
passed its maximum height and is on its way down when it strikes the edge of the cliff. 
IDENTIFY: The suitcase moves in projectile motion. The initial velocity of the suitcase equals the velocity of the 


airplane. 
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SETUP: Take +y to be upward. a,=0, a,=—g. 
EXECUTE: Use the vertical motion to find the time it takes the suitcase to reach the ground: 


Voy =V Sin23°, a, =—9.80 m/s’, y- y, =-114 m, t=? y-y, =V,t 4 Lat gives ¢=9.60s. 


The distance the suitcase travels horizontally is x— x) = V, = (v, cos23.0°)t = 795 m . 


: : . 2(y- 
EVALUATE: An object released from rest at a height of 114 m strikes the ground at t= Y= Yo) =4.82 s . The 
-8 
suitcase is in the air much longer than this since it initially has an upward component of velocity. 
3.28. IDENTIFY: Determine how a,,, depends on the rotational period T. 


4r°R 
SETUP: § a,,, = = ; 


EXECUTE: For any item in the washer, the centripetal acceleration will be inversely proportional to the square of 


rad 


the rotational period; tripling the centripetal acceleration involves decreasing the period by a factor of V3, so that 


the new period T’ is given in terms of the previous period T by T’=T/3 . 
EVALUATE: The rotational period must be decreased in order to increase the rate of rotation and therefore 
increase the centripetal acceleration. 
3.29. IDENTIFY: Apply Eq. (3.30). 
SETUP: 7T=24h. 


_ 42°(6.38x10° m) _ 
=~ (24 h)(3600 s/h) 


2 6 
(b) Solving Eq. (3.30) for the period T with a,,,=g, T =| ail sanag ™) _ 5070 s=1.4h. 
3 S 


EVALUATE: a,„4is proportional to 1/T° , so to increase a 


EXECUTE: (a) a 0.034 m/s? =3.4x10°g. 


„d DY a factor of TEL =294 requires that T be 
3.4x107 


1 24h _ 
V294 ` J294 
3.30. IDENTIFY: Each blade tip moves in a circle of radius R =3.40 m and therefore has radial acceleration 


42 
Ang =V IR. 


multiplied by a factor of 14h. 


SETUP: 550 rev/min = 9.17 rev/s , corresponding to a period of T = a =0.109 s. 
9.17 rev/s 


EXECUTE: (a) v= aR =196 m/s. 


2 


(b) ana = = 1.13 x10" m/s? =1.15x10°g. 


2 
EVALUATE: aua = 2 2 gives the same results for a 
T 
3.31. IDENTIFY: Apply Eq.(3.30). 
SETUP: R=7.0m. g=9.80 m/s’. 


EXECUTE: (a) Solving Eq. (3.30) for T in terms of R and a 


as in part (b). 


rad 


rad > 


T = 47° R/ agg = 447° (7.0 m)/(3.0)(9.80 m/s?) =3.07 s . 
(b) aaa =10g gives T =1.68s. 
EVALUATE: When a,,, increases, T decreases. 
3.32. IDENTIFY: Each planet moves in a circular orbit and therefore has acceleration a,,,=v"/R. 
SET Up: The radius of the earth’s orbit is r =1.50x10"' m and its orbital period is T =365 days =3.16x10’ s. 
For Mercury, r =5.79x10"° m and T =88.0 days =7.60x10° s. 


EXECUTE: (a) v= at = 2.98 x10* m/s 


2 
v 


(b) a a =—=5.91x10° m/s’. 
r 


(c) v=4.79x10* m/s, and a,,, =3.96x10~ m/s’. 
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3.33. 


3.34. 


3.35. 


3.36. 


EVALUATE: Mercury has a larger orbital velocity and a larger radial acceleration than earth. 
IDENTIFY: Uniform circular motion. 


; : ah d\v SEs ; 
SET Up: Since the magnitude of ý is constant. v. = ajel =0 and the resultant acceleration is equal to the radial 
g tan dt q 


component. At each point in the motion the radial component of the acceleration is directed in toward the center of 
the circular path and its magnitude is given by v’/R. 

v? (7.00 m/s}? 
R 14.0 m 
(b) The radial acceleration has the same magnitude as in part (a), but now the direction toward the center of the 


EXECUTE: (a) a4 = =3.50 m/s’, upward. 


circle is downward. The acceleration at this point in the motion is 3.50 m/s*, downward. 

(c)SET Up: The time to make one rotation is the period 7, and the speed v is the distance for one revolution 

divided by T. 

Eremi = 22R so T= 2mR = 27(14.0 m) © 
T v 7.00 m/s 

EVALUATE: The radial acceleration is constant in magnitude since v is constant and is at every point in the 

motion directed toward the center of the circular path. The acceleration is perpendicular to v and is nonzero 

because the direction of v changes. 


12.6s 


IDENTIFY: The acceleration is the vector sum of the two perpendicular components, a,,, and ayn- 


rad 
SETUP: a, is parallel to ¥ and hence is associated with the change in speed; a,,, =0.500 m/s? . 
EXECUTE: (a) a„a =V°/R =(3 m/s)’ /(14 m) = 0.643 m/s’ . 

a =((0.643 m/s”) +(0.5 m/s’)’)'’” = 0.814 m/s’, 37.9° to the right of vertical. 

(b) The sketch is given in Figure 3.34. 


Figure 3.34 


2 
IDENTIFY: Each part of his body moves in uniform circular motion, with a,,,; = ry . The speed in rev/s is 1/T , 


where T is the period in seconds (time for 1 revolution). The speed v increases with R along the length of his body 
but all of him rotates with the same period T. 
SET Up: For his head R =8.84 mand for his feet R = 6.84 m. 


EXECUTE: (a) v=,/Ra,,, = (8.84 m)(12.5)(9.80 m/s”) =32.9 m/s 


2 


4r R 
(b) Use apa = 


Since his head has a,,, =12.5g and R =8.84 m, 


ce 
2 
ESTA =o E __ _ 1.688 5. Then his feet have a,, = = 427 ©¥4  _ 94.8 mis? =9.67¢ . 
rng 12.5(9.80 m/s”) T (1.688 s) 
The difference between the acceleration of his head and his feet is 12.5g —9.67g =2.83g =27.7 m/s’. 
1 1 
c) —=—— =0.592 rev/s = 35.5 rpm 
OnE 1655 y 


EVALUATE: His feet have speed v =,/Ra,,, = (6.84 m)(94.8 m/s’) = 25.5 m/s 

IDENTIFY: The relative velocities are ¥,,,, the velocity of the scooter relative to the flatcar, Vog , the scooter 
relative to the ground and Vy , the flatcar relative to the ground. ¥, = Vsp + Vr - Carry out the vector addition by 
drawing a vector addition diagram. 

SETUP: Vor = Veg ~ Vra » Veg 1S to the right, so —¥,,, is to the left. 

EXECUTE: In each case the vector addition diagram gives 
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3.37. 


3.38. 


3.39. 


3.40. 


(a) 5.0 m/s to the right 

(b) 16.0 m/s to the left 

(c) 13.0 m/s to the left. 

EVALUATE: The scooter has the largest speed relative to the ground when it is moving to the right relative to the 
flatcar, since in that case the two velocities Vp and Vp are in the same direction and their magnitudes add. 
IDENTIFY: Relative velocity problem. The time to walk the length of the moving sidewalk is the length divided 
by the velocity of the woman relative to the ground. 

SET Up: Let W stand for the woman, G for the ground, and S for the sidewalk. Take the positive direction to be 
the direction in which the sidewalk is moving. 

The velocities are v,,,, (woman relative to the ground), vw, (woman relative to the sidewalk), and vs (sidewalk 
relative to the ground). 

Eq.(3.33) becomes Vwa = Yws + Vso- 


distance traveled relative to ground 


The time to reach the other end is given by t = 
Vw/G 


EXECUTE: (a) vs, =1.0 m/s 


Vw = +1.5 m/s 
Vwa =Ywis Ysa =1.5 m/s +1.0 m/s = 2.5 m/s. 
35.0m 35.0m (ae 
Vwic 2.5 m/s 
(b) vso =1.0 m/s 
Vis =—1.5 m/s 


Vwa =Yws + Veg =—1.5 m/s +1.0 m/s =—0.5 m/s. (Since vy, now is negative, she must get on the moving 


sidewalk at the opposite end from in part (a).) 

_—35.0m _ -35.0 m 
Vwic —0.5 m/s 

EVALUATE: Her speed relative to the ground is much greater in part (a) when she walks with the motion of the 

sidewalk. 

IDENTIFY: Calculate the rower’s speed relative to the shore for each segment of the round trip. 

SET Up: The boat’s speed relative to the shore is 6.8 km/h downstream and 1.2 km/h upstream. 

EXECUTE: The walker moves a total distance of 3.0 km at a speed of 4.0 km/h, and takes a time of three fourths 

of an hour (45.0 min). 


t 


1.5km | 15km 
6.8 km/h 1.2 km/h 
EVALUATE: Ittakes the rower longer, even though for half the distance his speed is greater than 4.0 km/h. The 
rower spends more time at the slower speed. 
IDENTIFY: Apply the relative velocity relation. 
SETUP: The relative velocities are v,,,, the canoe relative to the earth, Vp , the velocity of the river relative to 


=1.47 h =88.2 min. 


The total time the rower takes is 


the earth and Vor , the velocity of the canoe relative to the river. 


EXECUTE: Vog = Vor + Vga and therefore Vor = Vee — Yre - The velocity components of Veg are 


—0.50 m/s + (0.40 m/s)/ V2, east and (0.40 m/s)/ V2, south, for a velocity relative to the river of 0.36 m/s, at 
52.5° south of west. 
EVALUATE: The velocity of the canoe relative to the river has a smaller magnitude than the velocity of the canoe 


relative to the earth. 
IDENTIFY: Use the relation that relates the relative velocities. 


SET UP: The relative velocities are the velocity of the plane relative to the ground, Vp , the velocity of the plane 
relative to the air, ¥,,, , and the velocity of the air relative to the ground, Vas - Vp must due west and V, must 
be south. v,,, =80 km/h and vp, =320 km/h. Voa = Ypa + Vao . The relative velocity addition diagram is given 


in Figure 3.40. 
EXECUTE: (a) sin@=—*@ = Sewn 
Vey 320 km/h 


(b) Ving =VV2q -v2 = (320 km/h)? — (80.0 km/h)? =310 km/h. 


and 0 =14° , north of west. 
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3.41. 


3.42. 


EVALUATE: To travel due west the velocity of the plane relative to the air must have a westward component and 
also a component that is northward, opposite to the wind direction. 


N 
WwW —- E 
Vala PPI S 
of 
Upjo 
Figure 3.40 


IDENTIFY: Relative velocity problem in two dimensions. His motion relative to the earth (time displacement) 
depends on his velocity relative to the earth so we must solve for this velocity. 
(a) SETUP: View the motion from above. 


we E The velocity vectors in the problem are: 
S | Vu» the velocity of the man relative to the earth 
"W/E 


Vp» the velocity of the water relative to the earth 


Vww» the velocity of the man relative to the water 


The rule for adding these velocities is 
+y 


Vue 7 Yaw T Ywe 
— 800 m 


Figure 3.41a 


The problem tells us that v,,,, has magnitude 2.0 m/s and direction due south. It also tells us that Vw has 
magnitude 4.2 m/s and direction due east. The vector addition diagram is then as shown in Figure 3.41b 


This diagram shows the vector addition 


Vur = Yow + Ywe 
|| se 
W/E 


and also has ¥,,y and vy, in their 
= 2.0 m/s 


————— specified directions. Note that the 
4.2 m/s vector diagram forms a right triangle. 


ee 
M/W 


Figure 3.41b 


The Pythagorean theorem applied to the vector addition diagram gives vye =Viyw + Vie- 


EXECUTE: Vy, = ‘Ven tvie = [4.2 m/s)? + (2.0 m/s)? =4.7 m/s tang =“ = Ma 2.10; 0 =65°; or 
Vw 2.0 m/s 

¢ =90°—@ =25°. The velocity of the man relative to the earth has magnitude 4.7 m/s and direction 25° S of E. 

(b) This requires careful thought. To cross the river the man must travel 800 m due east relative to the earth. The 


man’s velocity relative to the earth is Vyp. But, from the vector addition diagram the eastward component of vye 


equals vyw =4.2 m/s. 
x-x, 800m 
v 4.2 m/s 


(c) The southward component of ¥,,,, equals v,,,, =2.0 m/s. Therefore, in the 190 s it takes him to cross the river 


Thus t= =190 s 


the distance south the man travels relative to the earth is 
Y — Yo =V,t = (2.0 m/s)(190 s) =380 m. 
EVALUATE: Ifthere were no current he would cross in the same time, (800 m)/(4.2 m/s) =190 s. The current 


carries him downstream but doesn’t affect his motion in the perpendicular direction, from bank to bank. 
IDENTIFY: Use the relation that relates the relative velocities. 


SET Up: The relative velocities are the water relative to the earth, Vw, , the boat relative to the water, Yew , and 
the boat relative to the earth, Vp- ¥,,, is due east, Vw; is due south and has magnitude 2.0 m/s. Vgw =4.2 m/s. 


Van =Veaw + Ywa - The velocity addition diagram is given in Figure 3.42. 
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EXECUTE: (a) Find the direction of ¥,,,. sind = Vem POTS . 0 =28.4° , north of east. 
Vaw 4.2 m/s 
(O) Van = Vay -vae = (4.2 m/s)? — (2.0 m/s)? =3.7 m/s 
a 1-800. _ 800m _ 416, 
Veep 3-7 m/s 


EVALUATE: It takes longer to cross the river in this problem than it did in Problem 3.41. In the direction straight 
across the river (east) the component of his velocity relative to the earth is lass than 4.2 m/s. 


UBlE 


o\ 


Owe 


Ais Lon Bas 
Figure 3.42 


IDENTIFY: Relative velocity problem in two dimensions. 

(a) SETUP: Yp, is the velocity of the plane relative to the air. The problem states that v,,, has magnitude 

35 m/s and direction south. 

V, is the velocity of the air relative to the earth. The problem states that v,,. is to the southwest (45° S of W) 
and has magnitude 10 m/s. 

The relative velocity equation is ¥,, =Vpj, + Pap. 


Figure 3.43a 
EXECUTE: (b) (v,a), =9, (Vea), = -35 m/s 
(vae), =—(10 m/s)cos45° = -7.07 m/s, 
(Vae), =—(10 m/s)sin 45° = -7.07 m/s 
(Vo) = (pads + (Vae) =0 -7.07 m/s = -7.1 m/s 
(Vere) » = Vp), + Vag)» =—35 m/s -7.07 m/s = -42 m/s 
(c) 


2 2 
Von S4 (Vp), + Vre), 


var = (7.1 m/s}? + (42 m/s}? =43 m/s 
ing = a eo 
Yre), 42 


¢ =9.6°; (9.6° west of south) 


Figure 3.43b 


EVALUATE: The relative velocity addition diagram does not form a right triangle so the vector addition must be 


done using components. The wind adds both southward and westward components to the velocity of the plane 
relative to the ground. 
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3.45. 


3.46. 


IDENTIFY: Use Eqs.(2.17) and (2.18). 

SET Up: At the maximum height v= 0. 

E . = 23 m \ 
XECUTE: (a) v, =v, + k , V, =v, + ft 


ee} a 4 Bo V3 
tand x=v t+— t", y=v, t+—t t. 
2 ETER 


(b) Setting v, =0 yields a quadratic in ¢, 0 =v, + At ah , which has as the positive solution 


t= : L HB 4 2vy | =13.59 s . Using this time in the expression for y(t) gives a maximum height of 341 m. 
y 


(c) The path of the rocket is sketched in Figure 3.44. 


(d) y=0 gives 0=w,t4 Pp Ai and v f, Və, =0 . The positive solution is t = 20.73 s . For this ¢, 


x =3.85x10* m. 


EVALUATE: The graph in part (c) shows the path is not symmetric about the highest point and the time to return 
to the ground is less than twice the time to the maximum height. 
y(t) (m) 


400 

300 

200 

100 

x(t) (m) 
0 1-10* 2-10*3-10* 4-10? 
Figure 3.44 

`- dF _ dv 
IDENTIFY: Yý=— and a= Pa 
t 


SET UP: Le =nt"'. At t=1.00 s, a, =4.00 m/s’ and a, =3.00 m/s’. At t=0, x=Oand y=50.0m. 
7 ; 


EXECUTE: (a) oR ag. SO om: win chiiaindesendeatare a, =4.00 m/s’ gives B =2.00 m/s’. 
© dt © dt í 

EE EEEE EA a e D A E E S500 tet 

ae sg E . a, =3.00 m/s“ gives D =0. s. x=Oat t=0 gives A=0. y=50.0 ma 


t=O gives C=50.0m. 
(b) At t=0, v, =0and v, =0,s0 v=0. At t=0, a, =2B=4.00 m/s’ and a, =0,s0 a= (4.00 m/s’)i ; 
(c) At ¢=10.0s, v, = 2(2.00 m/s?)(10.0 s) = 40.0 m/s and v, =3(0.500 m/s*)(10.0 s)? =150 m/s. 


v=,/v +v =155 m/s. 
(d) x= (2.00 m/s’)(10.0 s)? =200 m, y =50.0 m + (0.500 m/s*)(10.0 s)? =550 m . F = (200 m)i +(550 m)j. 
EVALUATE: The velocity and acceleration vectors as functions of time are 
v(t) = (2Bt)i + (3Dt’)j and a(t)= (2B)i + (6Dt)j . The acceleration is not constant. 
Beebe Spite _ av 
IDENTIFY: r= + f v(t)dt and a= PTs 
SETUP: At ¢=0, x,=Oand y,=0. 


Pei + Ge) j . Differentiating, @=(-2BHi+yj. 


(b) The positive time at which x =0 is given by ¢* =3a/f. At this time, the y-coordinate is 


eee 3ay _ 3(2.4 m/s)(4.0 m/s’) _ 
2 26 2(1.6 m/s’) 


EVALUATE: The acceleration is not constant. 


EXECUTE: (a) Integrating, F =(at— 


9.0m 
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3.48. 


3.49. 


3.50. 


IDENTIFY: Once the rocket leaves the incline it moves in projectile motion. The acceleration along the incline 
determines the initial velocity and initial position for the projectile motion. 


SET Up: For motion along the incline let +x be directed up the incline. v? = vê, + 2a,(x — Xp) gives 


v= 20.25 m/s’)(200 m) = 22.36 m/s . When the projectile motion begins the rocket has v, = 22.36 m/s at 

35.0° above the horizontal and is at a vertical height of (200.0 m)sin35.0° = 114.7 m. For the projectile motion 

let +x be horizontal to the right and let +y be upward. Let y =0 at the ground. Then y, =114.7m, 

Vp, = Vy) 60835.0° = 18.32 m/s, Voy =Vo sin35.0° =12.83 m/s, a, =0, a, = —9.80 m/s? . Let x =O at point A, so 

xX, = (200.0 m)cos35.0° =163.8 m. 

EXECUTE: (a) At the maximum height v, =0. v = Voy 2a, (Y — Yo) gives 

V —V _ 0- (12.83 m/s)’ 
2a, 2(—9.80 m/s”) 


ground is 123 m. 
(b) The time in the air can be calculated from the vertical component of the projectile motion: y-— y, =-114.7 m, 


, =12.83 m/s, a, =-9.80 m/s’. y- y, =V t +44 t’ gives (4.90 m/s’)t” — (12.83 m/s)t-114.7 m . The 


Y- Yo =8.40m and y=114.7 m +8.40 m =123 m. The maximum height above 


Vo 


quadratic formula gives t = gls + (12.83) +4(4.90)(1 14.7) s . The positive root is t = 6.32 s. Then 


X — Xo =Vo,t4 Lat =(18.32 m/s)(6.32 s)=115.8 mand x =163.8 m+115.8 m = 280 m . The horizontal range of 


the rocket is 280 m. 

EVALUATE: The expressions for h and R derived in Example 3.8 do not apply here. They are only for a projectile 
fired on level ground. 

IDENTIFY: The person moves in projectile motion. Use the results in Example 3.8 to determine how T, h and D 
depend on g and set up a ratio. 


ae S 2v, sin q, A sai an’ vo sin’ @ 
SETUP: From Example 3.8, the time in the air is t=—-———*., the maximum height is 4 = a Fone the 
£ & 
vp sin 2a, 


horizontal range (called D in the problem) is D = . The person has the same v, and œ, on Mars as on 


the earth. 


EXECUTE: tg =2v,sin@,, which is constant, so tZ; =tuZy- tu = £r Ja -| Sr Ja =2.64t; . 
EE 


M 
Dr Se: 
_ Yosin“ æ 


2 


£e 


M 


hg , which is constant, so Ag, = m8m - My -( Ja =2.64h, . Dg =v, sin2æ, , which is constant, 


so Deg, = Dugu. Dy = (2 )p. =2.64D,. 

Em 
EVALUATE: All three quantities are proportional to 1/g so all increase by the same factor of g,/g,, = 2.64. 
vo sin 2a 


g 


IDENTIFY: The range for a projectile that lands at the same height from which it was launched is R = 


SETUP: The maximum range is for a = 45° . 
EXECUTE: Assuming a= 45° ,and R=50m, v, =428R =22 m/s. 


EVALUATE: We have assumed that debris was launched at all angles, including the angle of 45° that gives 
maximum range. 


IDENTIFY: The velocity has a horizontal tangential component and a vertical component. The vertical component 


2 
x 


Alaa : : v 
of acceleration is zero and the horizontal component is a,,, = H 


SETUP: Let +y be upward and +x be in the direction of the tangential velocity at the instant we are 


considering. 
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EXECUTE: (a) The bird’s tangential velocity can be found from 
_ circumference _27(8.00m) _ 50.27 m 
time of rotation 5.00 s 5.00 s 


=10.05 m/s 


Thus its velocity consists of the components v, =10.05 m/s and v, =3.00 m/s . The speed relative to the ground is 


then v=,/v~ +v =10.5 m/s. 


(b) The bird’s speed is constant, so its acceleration is strictly centripetal—entirely in the horizontal direction, toward 
v? _ (10.05 m/s)’ 


the center of its spiral path-and has magnitude a,,, =— =12.6 m/s’. 
r 8.00 m 
(c) Using the vertical and horizontal velocity components 6 = tan”! SOO Due 2 
10.05 m/s 


EVALUATE: The angle between the bird’s velocity and the horizontal remains constant as the bird rises. 
3.51. IDENTIFY: Take +y to be downward. Both objects have the same vertical motion, with v, and a, =+g. Use 
constant acceleration equations for the x and y components of the motion. 
SET Up: Use the vertical motion to find the time in the air: 
Vy, =0, a, =9.80 m/s°, y-y,=25m, t=? 
2. 
EXECUTE: y-—y,=W,t+ za,t° gives t=2.259 s 
During this time the dart must travel 90 m, so the horizontal component of its velocity must be 
x-XxX, 90m 
VY, =——= =40 m/s 
i t 2.25s 
EVALUATE: Both objects hit the ground at the same time. The dart hits the monkey for any muzzle velocity 
greater than 40 m/s. 
3.52. IDENTIFY: The person moves in projectile motion. Her vertical motion determines her time in the air. 


SETUP: Take +y upward. vọ, =15.0 m/s, v, =+10.0 m/s, a, =0, a, =-9.80 m/s? . 


EXECUTE: (a) Use the vertical motion to find the time in the air: y — y, =v),f + lat with y- y, =-30.0 m 


gives —30.0 m = (10.0 m/s)t—(4.90 m/s°)t? . The quadratic formula gives 
t= ua wi £ (10.0) -4(4.9)(-30) |) s . The positive solution is t = 3.70 s . During this time she travels a 


horizontal distance x — x) = Vy 


t+ Lat = (15.0 m/s)(3.70 s) = 55.5 m . She will land 55.5 m south of the point 
where she drops from the helicopter and this is where the mats should have been placed. 
(b) The x-t, y-t, v, -tand v, -t graphs are sketched in Figure 3.52. 


Be 


EVALUATE: If she had dropped from rest at a height of 30.0 m it would have taken her t = Ronee =2.47 s. 
: s 


She is in the air longer than this because she has an initial vertical component of velocity that is upward. 
x y v, Vy 
P A | È 
0 oe oO 6 f 


Figure 3.52 


3.53. IDENTIFY: The cannister moves in projectile motion. Its initial velocity is horizontal. Apply constant acceleration 
equations for the x and y components of motion. 
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3.54. 


3.55. 


SET Up: 

Take the origin of 
coordinates at the point 
where the canister is 
released. Take +y to be 


upward. The initial 


90.0 m A velocity of the canister is 
i the velocity of the plane, 
9 64.0 m/s in the 


+x-direction. 
Figure 3.53 


Use the vertical motion to find the time of fall: 
t=?, vw, =0, a, =—9.80 m/s’, y -— y, =—90.0 m (When the canister reaches the ground it is 90.0 m below the 
origin.) 


= 1 2 
YV-VY= Vo yt + z4% 


2(y- 2(—90.0 
EXECUTE: Since w, =0, £= [20% =| CO m) 4.286 s. 
a, —9.80 m/s 
SET Up: Then use the horizontal component of the motion to calculate how far the canister falls in this time: 


X-X)=?, a ,—0, v =64.0 m/s, 

EXECUTE: x-x,=Vt+ tat = (64.0 m/s)(4.286 s) +0 =274 m. 

EVALUATE: The time it takes the cannister to fall 90.0 m, starting from rest, is the time it travels horizontally at 
constant speed. 

IDENTIFY: The equipment moves in projectile motion. The distance D is the horizontal range of the equipment 
plus the distance the ship moves while the equipment is in the air. 

SET Up: For the motion of the equipment take +x to be to the right and +y to be upwards. Then a, =0, 


a, =—9.80 m/s”, Vo, =V COS @ = 7.50 m/s and Vo, = vo Sin @, =13.0 m/s . When the equipment lands in the front 
of the ship, y— y, =-8.75 m. 


EXECUTE: Use the vertical motion of the equipment to find its time in the air: y— y, = vot + tat? gives 


t= sagl!° $ (13.0 + 4(4.90)(8.75) ) s . The positive root is t =3.21 s . The horizontal range of the 


equipment is x — X} = Vp, + Lat =(7.50 m/s)(3.21 s)=24.1 m . In 3.21 s the ship moves a horizontal distance 


x 


(0.450 m/s)(3.21 s)=1.44 m , so D =24.1 m +1.44 m =25.5m. 


EVALUATE: The equation R = o uD ai from Example 3.8 can't be used because the starting and ending points 
g 
of the projectile motion are at different heights. 
IDENTIFY: Projectile motion problem. 
Take the origin of 
y coordinates at the point 
where the ball leaves the 


coe bat, and take +y to be 
XN 
` upward. 
x \ 
0.9m \ Vox = Vo COS A 
< 188 m = Voy = Vo SIN A, 


but we don’t know vy. 
Figure 3.55 
Write down the equation for the horizontal displacement when the ball hits the ground and the corresponding 
equation for the vertical displacement. The time ¢ is the same for both components, so this will give us two 
equations in two unknowns ( v), and 2). 
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(a) SET UP: y-component: 

a, =—9.80 m/s’, y- y, =—0.9 m, Voy = vo sin 45° 
Y=» = Voy + tzat 

EXECUTE: -0.9 m=(v,sin45°)t+4(—9.80 m/s”)t? 


SETUP: x-component: 
a,=0, x-x,=188m, Vo =v cos45° 
X-X =Vy,t + zal? 

_ X= Xy 188 m 


EXECUTE: t = 
Vox Vy cos 45° 


Put the expression for t from the x-component motion into the y-component equation and solve for v,. (Note that 
sin 45° = cos 45°.) 


2 
200m a (ands) lL oom) 
vo cos 45° vo cos 45° 


188 m 
v, cos 45° 


oN? 2 2 
pee ) _ 4.90 m/s = -( 188 m ) 4.90 m/s arene 
188 m 188.9 m cos45° JV 188.9 m 
(b) Use the horizontal motion to find the time it takes the ball to reach the fence: 


SETUP: x-component: 
x—-x,=116 m, a,=0, V, =v, cos45° = (42.8 m/s)cos45° = 30.3 m/s, t=? 


2 
4.90 ms? | ) =188 m+0.9 m=188.9 m 


X — Xo = Vot + tat’ 

_x-x, 116m 
V, 30.3 m/s 

SET Up: Find the vertical displacement of the ball at this t: 


y-component: 
Y-Yy=?, a, =—9.80 m/s°, Vo, = vsin 45° = 30.3 m/s, t=3.83s 


EXECUTE: ‘t =3.83 s 


Y-Y =V tt 34,0 

EXECUTE: y- y, = (30.3 s)(3.83 s) + 4(-9.80 m/s”)(3.83 s)° 

y—y,=116.0 m—71.9 m=+44.1 m, above the point where the ball was hit. The height of the ball above the 
ground is 44.1 m +0.90 m = 45.0 m. It’s height then above the top of the fence is 45.0 m—3.0 m= 42.0 m. 
EVALUATE: With v, =42.8 m/s, v, =30.3 m/s and it takes the ball 6.18 s to return to the height where it was 
hit and only slightly longer to reach a point 0.9 m below this height. t =(188 m)/(v, cos45°) gives t=6.21s, 
which agrees with this estimate. The ball reaches its maximum height approximately (188 m)/2=94 m from 
home plate, so at the fence the ball is not far past its maximum height of 47.6 m, so a height of 45.0 m at the fence 
is reasonable. 

IDENTIFY: The water moves in projectile motion. 

SETUP: Let x, =), =Oand take +y to be positive. a, =0, a, =-g . 

EXECUTE: The equations of motions are y =(v, sin a)t—4gt? and x=(v, cos a)t. When the water goes in the 
tank for the minimum velocity, y=2D and x =6D. When the water goes in the tank for the maximum velocity, 


y=2D and x=7D. In both cases, sin a= cos a =~ 2/2. 


2 2 


To reach the minimum distance: 6D = “ae ,and 2D= =a Vet -4 gt’ . Solving the first equation for t gives 


s 6Dv2 6D\2 


Vo Vo 


vw =3,/2D . 


2 
. Substituting this into the second equation gives 2D =6D -4 | ) . Solving this for v, gives 
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3.58. 


3.59. 


Z 


j 2 ; ; ; 
To reach the maximum distance: 7D = DAG ,and 2D = PG —gt’ . Solving the first equation for ¢ gives 


»_1Dv2 7D V2 


v Vo 


2 
. Substituting this into the second equation gives 2D =7D -4 e| | . Solving this for v, gives 


0 
vy =449gD/5 =3.13,/gD , which, as expected, is larger than the previous result. 


EVALUATE: A launch speed of v, = V6, gD =2.45,/gD is required for a horizontal range of 6D. The minimum 


speed required is greater than this, because the water must be at a height of at least 2D when it reaches the front of 
the tank. 
IDENTIFY: The equations for and R from Example 3.8 can be used. 


s AER PF A 
_ Vo Sin a 


2g 


a: 
vo sin2a, 


SETUP: A and R= . If the projectile is launched straight up, œ, =90° . 


2 
EXECUTE: (a) h = and v =./2gh . 
g 


Bed, 
(b) Calculate œ, that gives a maximum height of A when v, =2,/2gh . h= sen a =4hsin’ a,. sina, =}and 
g 
a, =30.0°. 
2 
(2 2gh) sin 60.0° 
(c) R= =6.93h. 
2 : 
EVALUATE: = ale so R= estas) . For a given @, , R increases when A increases. For a, =90° , 
g sin’ a sin“ æo 


R=0 and for a, =0°, h=0and R=0. For a, =45°, R=4h. 

IDENTIFY: To clear the bar the ball must have a height of 10.0 ft when it has a horizontal displacement of 36.0 ft. 
The ball moves as a projectile. When v, is very large, the ball reaches the goal posts in a very short time and the 
acceleration due to gravity causes negligible downward displacement. 

SETUP: 36.0 ft=10.97 m; 10.0 ft =3.048 m. Let +x be to the right and +y be upward, so a,=0, a, =-8 , 
Vox = Vo COSa, and vo, = va Sina, 


10.0 ft 


EXECUTE: (a) The ball cannot be aimed lower than directly at the bar. tana, = a6 OR and a, =15.5°. 
(b) x-x, =v, t +}a,t’ gives t= X "Then Y- Yo = Vot + lat gives 
l Voy Vo COSA, 
; x-x, 1 (x-x) 1 a-n) 
-n= (sinan) : ) E sa-a tana, g G, 
Va COS, ] 2 Vv, COS’ a, 2° Vy COS” Ay 
2 
ye (x— xo) g _ 10.97 2 9.80 m/s -12.2 m/s 
cosa, \2[(x-— x) tana, -(y-—y,)] cos45.0° \ 2[10.97 m -3.048 m] 
vi sin 2a, 


EVALUATE: With the v, in part (b) the horizontal range of the ball is R = =15.2 m=49.9 ft . The ball 


g 
reaches the highest point in its trajectory when x -— x, = R/2 , so when it reaches the goal posts it is on its way 


down. 
IDENTIFY: Apply Eq.(3.27) and solve for x. 
SET Up: The change in height is y =-—A . 


EXECUTE: (a) We get a quadratic equation in x, the solution to which is 


2 
Vp COSA, 2gh v COS & : 5 
x= ana: 4 |- 2 o| va sina, + va sin? a + 2gh |. 


2 
g Vy COSA, g 


If h=0 , the square root reduces to v, sin a@,,and x=R. 
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(b) The expression for x becomes x = (10.2 m)cosa@, + [sin? æ, +4sin° æ, +0.98] . The graph of x as a function of 
a, is sketched in Figure 3.59. The angle œ, =90° corresponds to the projectile being launched straight up, and 
there is no horizontal motion. If a, =0, the projectile moves horizontally until it has fallen the distance A. 


(d) The graph shows that the maximum horizontal distance is for an angle less than 45° . 
EVALUATE: For &,=45° the x and y components of the initial velocity are equal. For œ, < 45° the x component 


of the initial velocity is less than the y component. Height comes from the initial position and less vertical 
component of initial velocity is needed for the maximum range. 
x(&o) (M) 
15 


a (deg) 


© 


10 20 30 40 50 60 70 80 90 
Figure 3.59 


IDENTIFY: The snowball moves in projectile motion. In part (a) the vertical motion determines the time in the air. 
In part (c), find the height of the snowball above the ground after it has traveled horizontally 4.0 m. 


SETUP: Let +y be downward. a, =0, a, = +9.80 m/s. v, = v cos) =5.36 m/s, Voy = va sin 6, = 4.50 m/s . 


EXECUTE: (a) Use the vertical motion to find the time in the air: y — y, =v),f + lat with y—y, =14.0 m gives 


14.0 m = (4.50 m/s)t +(4.9 m/s”)r” . The quadratic formula gives tza + (4.50) —4(4.9)(-14.0) |) s. 


The positive root is £ =1.29 s. Then x—x, = vt +4a,t° =(5.36 m/s)(1.29 s)=6.91 m. 
(b) The x-t, y-t, v, -t and v, -t graphs are sketched in Figure 3.60. 


X-X, 40m 
5.36 m/s 
distance y -— y, =Vo,t +a, t =6.08 m and is therefore 14.0 m — 6.08 m = 7.9 m above the ground. The snowball 


(© x- xX =V, t +4a,t gives t= = 0.746 s . In this time the snowball travels downward a 


Ox 


passes well above the man and doesn’t hit him. 
EVALUATE: Ifthe snowball had been released from rest at a height of 14.0 m it would have reached the ground 


~ ¥9.80 m/s? 
downward component of velocity. 


x y LA V 
0 Hg PrO SANO : 


Figure 3.60 


n t= ene) =1.69 s . The snowball reaches the ground in a shorter time than this because of its initial 


(a) IDENTIFY and SET UP: Use the equation derived in Example 3.8: 


ee 
REG: cosa RA) 
g 
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Call the range R, when the angle is a, and R, when the angle is 90°- æ. 


S 
kay cosa) Zene ) 
& 


R, =(v,c0(90° a| Zne i 
g 


The problem asks us to show that R, = R,. 


EXECUTE: We can use the trig identities in Appendix B to show: 
cos(90° — a,) = cos(a, — 90°) = sin a, 


sin(90° — a,) =—sin(@, — 90°) = -(— cos œ) =+cosa, 


; 2 2y si 
Thus R, -tsina PSO), cos) Vo sna) 
£ g 


1° 


Tas 2 
(b) R= vp sin2a, ae Rg z (0.25 m)(9.80 mus ) 
vi (2.2 m/s) 


This gives æ =15° or 75°. 


EVALUATE: R=(v,sin2a,)/g, so the result in part (a) requires that sin?(2a,) =sin?(180°—2a,), which is true. 


(Try some values of œ, and see!) 
IDENTIFY: Mary Belle moves in projectile motion. 
SETUP: Let +y be upward. a, =0, a, =-g. 


EXECUTE: (a) Eq.(3.27) with x=8.2m, y=6.1 mand a, =53° gives v, =13.8 m/s. 


8.2 m 


(b) When she reached Joe Bob, t =———; = 0.9874 s . v, =v, =8.31 m/s and v, =v, +a,t = +1.34 m/s. 


Vv, cos 53 
v=8.4 m/s, at an angle of 9.16°. 


(c) The graph of v (t) is a horizontal line. The other graphs are sketched in Figure 3.62. 


(d) Use Eq. (3.27), which becomes y =(1.327)x—(0.071115 m™)x’ . Setting y=—8.6 m gives x=23.8 mas the 


positive solution. 
x(t) (m) y(t) (m) v(t) (m/s) 


t (s) - t (s) 
0} 0.250.50.75 1 


Figure 3.62 


(a) IDENTIFY: 


t d 


15.0 m 15.0 m below the origin. 


<— 40.0 m—— 


Figure 3.63 


We don’t know ż, the time in the air, and we don’t know v,. Write down the equations for the horizontal and 


vertical displacements. Combine these two equations to eliminate one unknown. 
SETUP: y-component: 
y-y=—15.0m, a, =—9.80 m/s’, Voy = vo sin 53.0° 
2 
Y-Y =W» +34, 


EXECUTE: —15.0 m = (vsin 53.0°)t — (4.90 m/s°)£? 


\ Take the origin of coordinates at the top 
Ñ of the ramp and take +y to be upward. 


A The problem specifies that the object is 
\ displaced 40.0 m to the right when it is 
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SETUP: x-component: 
x-x,=40.0m, a,=0, v, = Vv co0s53.0° 


z 1 2 
X — Xo = Vont + zat 


x 


EXECUTE: 40.0 m = (v,t) cos 53.0° 


; 40. 
The second equation says v, = ——— = 66.47 m. 
cos53.0° 


Use this to replace v,¢ in the first equation: 


-15.0 m =(66.47 m)sin 53° — (4.90 m/s”)t? 


= {Os m)sin53° +15.0 m =| 68.08M _3a576 


4.90 m/s? 4.90 m/s” 
Now that we have ft we can use the x-component equation to solve for v: 
400m _ 40.0 m 


=17.8 m/s. 


y= = 
° teos53.0° (3.727 s)cos53.0° 


EVALUATE: Using these values of v, and żin the y= y, =V, ++4a,t equation verifies that y- y, = -15.0 m. 


(b) IDENTIFY: v =(17.8 m/s)/2 =8.9 m/s 


This is less than the speed required to make it to the other side, so he lands in the river. 
Use the vertical motion to find the time it takes him to reach the water: 


SETUP: y-y,=-100m; v, =+vwsin53.0°=7.11 m/s; a, =—9.80 m/s? 
Y-Y =Nyt tat’ gives -100 =7.11ż -4.90 


1 
9.80 


EXECUTE: 4.90¢? —7.11t-100 =0 and t= st(7.1 1+ Jaa 1? — 4(4.90)(-100) J 
t =0.726 s+4.57 s so t=5.30 s. 
The horizontal distance he travels in this time is 

X — Xo = Vaat = (v, cos 53.0°)t = (5.36 m/s)(5.30 s) = 28.4 m. 
He lands in the river a horizontal distance of 28.4 m from his launch point. 
EVALUATE: He has half the minimum speed and makes it only about halfway across. 

3.64. IDENTIFY: The rock moves in projectile motion. 

SETUP: Let +y be upward. a, =0, a, =—g . Eqs.(3.22) and (3.23) give v, and v,. 
EXECUTE: Combining equations 3.25, 3.22 and 3.23 gives 
v? =v, cos’ a, +( sina, — gt) = vi (sin? a, +cos’ a) — 2v, sina gt + (gt). 


, 1 ae . 
v =v —2g(v sinat- 58) = v —2gy , where Eq.(3.21) has been used to eliminate ¢ in favor of y. For the case 


of a rock thrown from the roof of a building of height A, the speed at the ground is found by substituting y = —h 
into the above expression, yielding v = 4/v? +2gh , which is independent of a, . 


EVALUATE: This result, as will be seen in the chapter dealing with conservation of energy (Chapter 7), is valid 
for any y, positive, negative or zero, as long as vy, —2gy >0. 

3.65. IDENTIFY and SETUP: Take +y to be upward. The rocket moves with projectile motion, with v, = +40.0 m/s 
and v, =30.0 m/s relative to the ground. The vertical motion of the rocket is unaffected by its horizontal velocity. 
EXECUTE: (a) v, =0 (at maximum height), v, =+40.0 m/s, a, =—9.80 m/s’, y—y, =? 

Vv, =v, +2a,(y—Yo) gives y—y, =81.6m 


(b) Both the cart and the rocket have the same constant horizontal velocity, so both travel the same horizontal 
distance while the rocket is in the air and the rocket lands in the cart. 
(c) Use the vertical motion of the rocket to find the time it is in the air. 


V, =40 m/s, a, =-9.80 m/s’, v, =—40 m/s, t=? 
V, =%, +a,t gives t=8.164s 
Then x- x, =v),f = (30.0 m/s)(8.164 s) = 245 m. 
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(d) Relative to the ground the rocket has initial velocity components v,, = 30.0 m/s and v,, = 40.0 m/s, so it is 


traveling at 53.1° above the horizontal. 


(e) G) 


Figure 3.65a 


Relative to the cart, the rocket travels straight up and then straight down 
(ii) 


y 


Figure 3.65b 


Relative to the ground the rocket travels in a parabola. 
EVALUATE: Both the cart and rocket have the same constant horizontal velocity. The rocket lands in the cart. 
IDENTIFY: The ball moves in projectile motion. 


SETUP: The woman and ball travel for the same time and must travel the same horizontal distance, so for the 


ball v, = 6.00 m/s. 


Vox _ 6.00 m/s 
v, 20.0 m/s 
(b) Relative to the ground the ball moves in a parabola. The ball and the runner have the same horizontal 


EXECUTE: (a) v, =v,Ccos@,. cos, = and 6, =72.5°. 


component of velocity, so relative to the runner the ball has only vertical motion. The trajectories as seen by each 


observer are sketched in Figure 3.66. 
EVALUATE: The ball could be thrown with a different speed, so long as the angle at which it was thrown was 


adjusted to keep v, = 6.00 m/s. 
y y 


Viewed by person at Viewed by the runner 
rest on ground 


Figure 3.66 
IDENTIFY: The boulder moves in projectile motion. 
SETUP: Take +y downward. vo, =V), Yọ, =0. a,=0, a, =+9.80 m/s’. 
EXECUTE: (a) Use the vertical motion to find the time for the boulder to reach the level of the lake: 
Ay- _ | 2(20 m) 
a 9.80 m/s? 


y 


Y— Yo =Voyt +a, t with y—y, =+20 m gives t= | = 2.02 s . The rock must travel 


x-x, 100m 
f 2.02 s 
(b) In going from the edge of the cliff to the plain, the boulder travels downward a distance of y- y, =45 m. 


=49.5 m/s 


horizontally 100 m during this time. x— x, =v),f++4a,t° gives v) =V = 


p= Pn _ d Aa m =3.03 s and x—x, = v,f = (49.5 m/s)(3.03 s) =150 m . The rock lands 
a, 9.80 m/s i 


150 m—100 m =50 m beyond the foot of the dam. 


EVALUATE: The boulder passes over the dam 2.02 s after it leaves the cliff and then travels an additional 1.01 s 


before landing on the plain. If the boulder has an initial speed that is less than 49 m/s, then it lands in the lake. 


IDENTIFY: The bagels move in projectile motion. Find Henrietta’s location when the bagels reach the ground, 


and require the bagels to have this horizontal range. 
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SET Up: Let +y be downward and let x, =), =0. a, =0, a, =+g . When the bagels reach the ground, 
y=43.9m. 
EXECUTE: (a) When she catches the bagels, Henrietta has been jogging for 9.00 s plus the time for the bagels to 


fall 43.9 m from rest. Get the time to fall: y = set , 43.9m =+(0.80 m/s*)t? and t =2.99 s. So, she has been 


jogging for 9.00 s +2.99 s=12.0 s . During this time she has gone x = vt = (3.05 m/s)(12.0 s) =36.6 m . Bruce 


must throw the bagels so they travel 36.6 m horizontally in 2.99 s. This gives x =vt. 36.6 m=v(2.99 s) and 
v=12.2m/s. 

(b) 36.6 m from the building. 

EVALUATE: If v>12.2 m/s the bagels land in front of her and if v < 12.2 m/s they land behind her. There is a 
range of velocities greater than 12.2 m/s for which she would catch the bagels in the air, at some height above the 
sidewalk. 

IDENTIFY: The shell moves in projectile motion. To find the horizontal distance between the tanks we must find 
the horizontal velocity of one tank relative to the other. Take +y to be upward. 

(a) SET UP: The vertical motion of the shell is unaffected by the horizontal motion of the tank. Use the vertical 
motion of the shell to find the time the shell is in the air: 

Vo, =v sina =43.4 m/s, a, =—9.80 m/s’, y—y) =0 (returns to initial height), t =? 

EXECUTE: y—y)=V),f+ lat gives ź=8.86 s 

SET UP: Consider the motion of one tank relative to the other. 

EXECUTE: Relative to tank #1 the shell has a constant horizontal velocity v, cosa = 246.2 m/s. Relative to the 
ground the horizontal velocity component is 246.2 m/s +15.0 m/s = 261.2 m/s. Relative to tank #2 the shell has 
horizontal velocity component 261.2 m/s —35.0 m/s = 226.2 m/s. The distance between the tanks when the shell 
was fired is the (226.2 m/s)(8.86 s) =2000 m that the shell travels relative to tank #2 during the 8.86 s that the 
shell is in the air. 

(b) The tanks are initially 2000 m apart. In 8.86 s tank #1 travels 133 m and tank #2 travels 310 m, in the same 
direction. Therefore, their separation increases by 310 m—133 m=177 m. So, the separation becomes 2180 m 
(rounding to 3 significant figures). 

EVALUATE: The retreating tank has greater speed than the approaching tank, so they move farther apart while the 
shell is in the air. We can also calculate the separation in part (b) as the relative speed of the tanks times the time 
the shell is in the air: (35.0 m/s —15.0 m/s)(8.86 s) =177 m. 

IDENTIFY: The object moves with constant acceleration in both the horizontal and vertical directions. 

SET Up: Let +y be downward and let +x be the direction in which the firecracker is thrown. 


wht nee : ; 2h 
EXECUTE: The firecracker’s falling time can be found from the vertical motion: t= |— . 


g 
The firecracker’s horizontal position at any time ¢ (taking the student’s position as x=0 ) is x= vt — tat? ; 
x =0 when cracker hits the ground, so t = 2v/a . Combining this with the expression for the falling time gives 


2 
Bie NOE d 2 ee 
a g a 


EVALUATE: When / is smaller, the time in the air is smaller and either v must be smaller or a must be larger. 
IDENTIFY: The velocity v,,, of the tank relative to the ground is related to the velocity ¥,,, of the rocket relative 
to the ground and the velocity V of the tank relative to the rocket by Vis = Prr t Yp - 

SET Up: Let +y be upward and take y =Oat the ground. Let +x be in the direction of the horizontal component 


of the tank's motion. Once the tank is released it has a, =0, a y= —9.80 m/s’, relative to the ground. 


EXECUTE: (a) For the rocket v, =v, +a,t = (1.75m/s”)(22.0 s) =38.5 m/s and v, =0. The rocket has speed 38.5 


m/s at the instant when the fuel tank is released. 


(b) (i) The rocket's path is vertical, so relative to the crew member vyg, =+25.0 m/s and v. 


TRy — 0. (ii) Vra is 


vertical and Vy is horizontal, so vy¢.,=+25.0 m/s and vrg, =+38.5 m/s . 
Vrig-y 38.5 m/s 


(c) (i) The tank initially moves horizontally, at an angle of zero. (ii) tana, = =——— and a, =57.0°. 
Vrgx 25.0 m/s 
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(d) Consider the motion of the tank, in the reference frame of the technician on the ground. At the instant the tank 


is released the rocket at a height y — y, =V,t +a t =4(1.75 m/s°)(22.0 s)? = 423.5 m . So, for the tank 


y 


Yo =423.5 m , v, =38.5 m/s and a, = -9.80 m/s? . v, =0 at the maximum height. v = Vo» + 2a,(y — yo) gives 


vi — V, _ O—(38.5 m/s)? 
2a, 2(9.80 m/s”) 

above the launch pad. 

EVALUATE: Relative to the crew member in the rocket the jettisoned tank has an acceleration of 

1.75 m/s? +9.80 m/s? =11.5 m/s? , downward. Relative to the rocket the tank follows a parabolic path, but with 

zero initial vertical velocity and with a downward acceleration that has magnitude greater than g. 

IDENTIFY: The velocity v,,, of the rocket relative to the ground is related to the velocity Vy of the secondary 


Y-Y= =75.6 m. y=423.5m+75.6 m=499 m . The tank reaches a height of 499 m 


rocket relative to the ground and the velocity Vor of the secondary rocket relative to the rocket by 

Vsa = Vox Vra- 

SET Up: Let +y be upward and let y = 0 at the ground. Let +x be in the direction of the horizontal component 
of the secondary rocket's motion. After it is launched the secondary rocket has a, =Oand a, =—9.80 m/s’ , relative 


to the ground. 
EXECUTE: (a) (i) Vog., =(12.0 m/s)cos53.0° = 7.22 m/s and vex, = (12.0 m/s)sin53.0° =9.58 m/s . 


Gii) Vag =O and vga, =8-50 M/S. Veg. = Vsa + Yao = 7-22 m/s and Veg, = Vsry + ¥acy = 


9.58 m/s +8.50 m/s =18.1 m/s . 
Vgc, 18.1 m/s A 
(b) vso = sex) +Osos) =19.5 m/s. tana, = IETT and a, =68.3°. 


(c) Relative to the ground the secondary rocket has y, =145 m, Voy = +18.1 m/s, a, = —9.80 m/s” and v= 0 (at 


v-v, O-(18.1 m/s)? 
the maximum height). v? =v? +2a (y — ives = = - =16.7m. 
Bhi). v, =Voy + 2a,(Y— Yo) BiVes pS 29.80 m/s’) 


y 


y=145 m+16.7 m=162 m. 
= Voy -18.1 m/s 
a, —9.80 m/s” 


y 


v, 
z =1.85 s after it 


EVALUATE: The secondary rocket reaches its maximum height in time ¢ = 


is launched. At this time the primary rocket has height 145 m + (8.50 m/s)(1.85 s) =161 m, so is at nearly the same 


height as the secondary rocket. The secondary rocket first moves upward from the primary rocket but then loses 
vertical velocity due to the acceleration of gravity. 

IDENTIFY: The original firecracker moves as a projectile. At its maximum height it's velocity is horizontal. The 
velocity v,,, of fragment A relative to the ground is related to the velocity V, of the original firecracker relative to 
the ground and the velocity v,,, of the fragment relative to the original firecracker by Vao = Var +¥,4- Fragment 


B obeys a similar equation. 
SETUP: Let +x be along the direction of the horizontal motion of the firecracker before it explodes and let +y 


be upward. Fragment A moves at 53.0° above the +x direction and fragment B moves at 53.0° below the +x 
direction. Before it explodes the firecracker has a, =Qand a, =—9.80 m/s? 


EXECUTE: The horizontal component of the firecracker's velocity relative to the ground is constant (since 
a, =0), 80 Vpg. = (25.0 m/s)cos30.0° = 21.65 m/s . At the time of the explosion, vpo, =0 . For fragment A, 


Vyr = (20.0 m/s)cos53.0° =12.0 m/s and vy, = (20.0 m/s)sin53.0° =16.0 m/s. 
Vaca = Vara + Vraa =12.0 m/s + 21.65 m/s = 33.7 m/s. Vaigy =Vapy + Veg =16.0 m/s . 


Vay _ 16.0 m/s 


tana = = 
Vag, 33.7 m/s 


and æ =25.4°. The calculation for fragment B is the same, except vyr, =—16.0 m/s. 


The fragments move at 25.4° above and 25.4° below the horizontal. 

EVALUATE: As the initial velocity of the firecracker increases the angle with the horizontal for the fragments, as 
measured from the ground, decreases. 

IDENTIFY: The grenade moves in projectile motion. 110 km/h =30.6 m/s . The horizontal range R of the grenade 
must be 15.8 m plus the distance d that the enemy's car travels while the grenade is in the air. 
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SET Up: For the grenade take +y upward, so a, =0, a, =—g . Let v, be the magnitude of the velocity of the 
grenade relative to the hero. vg, =v, cos45°, vo, = vọsin45°. 90 km/h =25 m/s ; The enemy’s car is traveling 


away from the hero’s car with a relative velocity of v,,, =30.6 m/s -25 m/s = 5.6 m/s . 


2 ; 4 o 
EXECUTE: y-—y, =V + lat with y—y, =0 gives t= Noy x Muse .d=v,,t= Vova 
a, & £ 
2a o o 2 2 
R =v, t = v (cos 45°)t = Pros nde: O Ms . R=d+15.8m gives that aa AAM +15.8 m 
8 £ & E£ 


v — V2v avo - (15.8 m)g =0 . v —7.92v, -154.8=0 . The quadratic formula gives v, =17.0 m/s =61.2 km/h. The 
grenade has velocity of magnitude 61.2 km/h relative to the hero. Relative to the hero the velocity of the grenade 
has components v), = V cos45° = 43.3 km/h and v,, =v, sin 45° = 43.3 km/h . Relative to the earth the velocity of 


the grenade has components v,, =43.3 km/h +90 km/h = 133.3 km/h and v,, = 43.3 km/h. The magnitude of the 


velocity relative to the earth is v, =,/vz, + vV =140 km/h. 

2v,sin45° 2(17.0 m/s)sin 45° 
z 980ms° 

the grenade travels a horizontal distance x — x, = (133.3 km/h)(2.45 s)(1 h/3600 s) =90.7 m, relative to the earth, 

and the enemy’s car travels a horizontal distance x — x, = (110 km/h)(2.45 s)(1 h/3600 s) =74.9 m, relative to the 


earth. The grenade has traveled 15.8 m farther. 

IDENTIFY and SET UP: Use Eqs. (3.4) and (3.12) to get the velocity and acceleration components from the 
position components. 

EXECUTE: x=Rcosot, y = Rsin æt 


EVALUATE: The time the grenade is in the air is t = 


=2.45 s . During this time 


(a) r= yx +y? = VR? cos at + R’ sin’ at = JR (sin? ot + cos’ wt) = VR? =R, 
since sin’? wf + cos’ at =1. 


; d 
(b) v, = 2 =—-Rosinat, v, = Y L- Racosat 
dt dt 


x y 


v-r =v x +v,y =(—Rosin ot)(Rcos at) +(Rocosot)(Rsin ot) 


Y-F = R’@(-sin øtcos of + sin at cosa@t) =0, so ¥ is perpendicular to F. 


x 


dv 
(c) a, = a = -Ræ cos at = -0x 
t 


dv 


y 


” dt 
= 2 Zt 42 BoD ok 2 VARES 2 
a= a; +a, =y0 xX +0 y =w yx +y =Ro. 


ee it WS 8515 hss ion, pe 
G@=aita,j=—-@ (xit yf)=-OT. 


a =—-Ro’ sin æt = -0° y 


Since œ?’ is positive this means that the direction of @ is opposite to the direction of F. 


(d) v=? +v = JR’ sin? ot + R? cos’ at = [Ro (sin? æt + cos? at). v= VR æ = Ro. 


(e) a=R@, @=v/R, so a=R(v"/R’) =v /R. 

EVALUATE: The rock moves in uniform circular motion. The position vector is radial, the velocity is tangential, 
and the acceleration is radially inward. 

IDENTIFY: All velocities are constant, so the distance traveled is d = vpt , where vp is the magnitude of the 


velocity of the boat relative to the earth. The relative velocities Vp, Vsw (boat relative to the water) 
and Vyp (water relative to the earth) are related by Veg =Vgqy + Ywe- 


SET Up: Let +x be east and let +y be north. v,,,.. =+30.0 m/min and vyp, =0. Vg =100.0 m/min . The 


W/E-x WI/E-y 


direction of ¥,, is the direction in which the boat is pointed or aimed. 
EXECUTE: (a) Vaw, =+100.0 m/min and vpy, =0. Vex = Vee +Y¥wex = 30.0 m/min and 


Y—yY, _ 400.0 m 


= = 4.00 min. 
100.0 m/min 


Vey = Yı +Vwiey = 100.0 m/min . The time to cross the river is t = 


B/W-y 
Vp) E-y 
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x —x, = (30.0 m/min)(4.00 min) = 120.0 m. You will land 120.0 m east of point B, which is 45.0 m east of 
0 =( p 


point C. The distance you will have traveled is (400.0 m)? + (120.0 m}? =418 m. 
me 
400.0 m 
Ven. = (100.0 m/min)sin10.6° =18.4 m/min and vg, =(100.0 m/min)cos10.6° = 98.3 m/min . 


Vane. = Veiwx + Vex = 18.4 m/min + 30.0 m/min = 48.4 m/min . Vey = Veqy., + Vwey = 98.3 m/min . 


(b) Vp is directed at angle ¢ east of north, where tan ø = and ¢=10.6°. 


Y-Y, 400.0 m 
98.3 m/min 


from B, so 122 m downstream from C. 
(c) (i) If you reach point C, then ¥,,, is directed at 10.6° east of north, which is 79.4° north of east. We don't know 


t =4.07 min . x — x, = (48.4 m/min)(4.07 min) =197 m . You will land 197 m downstream 


VB/E-y 


the magnitude of Vp; and the direction of v,,,, . In part (a) we found that if we aim the boat due north we will land 
east of C, so to land at C we must aim the boat west of north. Let ¥,,, be at an angle ¢ of north of west. The 
sin@ _ sin79.4° 


relative velocity addition diagram is sketched in Figure 3.76. The law of sines says 


vV 


Vw B/W 


: 30.0 m/min 
100.0 m/min 
83.5° north of west, so 6.5° west of north. 
Vee, = Vawx t Vw =—(100.0 m/min)cos83.5° + 30.0 m/min =18.7 m/min . 
+ Vw, =—(100.0 m/min)sin83.5° = 99.4 m/min . Note that these two components do give the 


Jsin 79.4° and 0 =17.15° . Then ø =180° -79.4° —17.15° =83.5° . The boat will head 


Vasey — V 


direction of ¥,,, to be 79.4° north of east, as required. (ii) The time to cross the river is 


B/W-y 


a his ern = 4.02 min. (iii) You travel from A to C, a distance of (400.0 m)? +(75.0 m}? =407 m. 


Vpn, 99.4 m/min 


(iv) Vee =f (pepe) + Wes) =101 m/min . Note that vst = 406 m , the distance traveled (apart from a small 


difference due to rounding). 
EVALUATE: You cross the river in the shortest time when you head toward point B, as in part (a), even though 
you travel farther than in part (c). 


t 


Vw JE 


Figure 3.76 
IDENTIFY: v,=dx/dt, v,=dy/dt, a,=dv,/dt and a, =dv,/dt. 
SET UP: ae = cacos(at) and — =—osin(@t) . 
t t 


EXECUTE: (a) The path is sketched in Figure 3.77. 
(b) To find the velocity components, take the derivative of x and y with respect to time: v, = Ra(1—cosat), and 


v, = Røsinwt. To find the acceleration components, take the derivative of v, and v, with respect to time: 
a, = Ro’ sinat, and a, = Ra’ cosat. 
(c) The particle is at rest (v, =v, =0) every period, namely at t =0, 27/«@, 4z/«,.... At that time, 


x =0, 27R, 4aR,... and y=0. The acceleration is a = Ræ in the +y- direction. 
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2 2 1/2 
d) No, since a =|(Ro’sinat) +( Rw’ cos øt = Ræ. The magnitude of the acceleration is the same as for 
g 


uniform circular motion. 
EVALUATE: The velocity is tangent to the path. v,, is always positive; v, changes sign during the motion. 


y 


Figure 3.77 
IDENTIFY: At the highest point in the trajectory the velocity of the projectile relative to the earth is horizontal. 
The velocity v,,, of the projectile relative to the earth, the velocity v,, of a fragment relative to the projectile, and 
the velocity V, of a fragment relative to the earth are related by Vye = Vyp + Vpr- 
SETUP: Let +x be along the horizontal component of the projectile motion. Let the speed of each fragment 
relative to the projectile be v. Call the fragments 1 and 2, where fragment 1 travels in the +x direction and 
fragment 2 is in the —x-direction , and let the speeds just after the explosion of the two fragments relative to the 
earth be v, and v, . Let v, be the speed of the projectile just before the explosion. 
EXECUTE: Vip, = Vrp + Vpex Bives v =v, +v and —v, =v, —v. Both fragments start from the same height with 


zero vertical component of velocity relative to the earth, so they both fall for the same time ¢, and this is also the 
same time as it took for the projectile to travel a horizontal distance D, so v,t = D . Since fragment 2 lands at A it 


travels a horizontal distance D as it falls and v,t =D. —v, = +v, —v gives v=v,+v, and vt =v +v, =2D . Then 
vt =v,t+ vt =3D . This fragment lands a horizontal distance 3D from the point of explosion and hence 4D from A. 


EVALUATE: Fragment 1, that is ejected in the direction of the motion of the projectile travels with greater speed 
relative to the earth than the fragment that travels in the opposite direction. 


2 2 
4nz°R ; ] : 
IDENTIFY: da= a = i All points on the centrifuge have the same period T. 
; : : : . 60 s/min 
SETUP: The period T in seconds is related to n, the number of revolutions per minute, by n = ee 
4r tae a a, 
EXECUTE: (a) a = = , which is constant. “““ =-=" Let R, =R , so a,,,, =5.00g and let R, = R/2. 


1 2 


anaa = Aga (>) = (5.00g)(1/2) = 2.50g . 


1 


which is constant. 


R 2 2 
(b) T (£ sm and o 4r R awa 4m R 


a = ives a, = 47° Rn’ /(60 s/min} . =—___., 
n r È = ( ) n? (60 s/min}? 


Aia A ra 5 
= ae, Let aaa =5.00g , so n =nand danaz =S8 Mercury =5(0.378)g . Then 
1 2. 


Figs | ag (POS OE ie 
a 5.00g 


rad,1 
EVALUATE: The radial acceleration is less for points closer to the rotation axis. Since Zperuy < g , a smaller 
rotation rate is required to produce 58 werwy than to produce Sg. 


IDENTIFY: Use the relation that relates the relative velocities. 
SETUP: The relative velocities are the raindrop relative to the earth, Vp, , the raindrop relative to the train, Vpr, 


and the train relative to the earth, Vre - Vee = Vpr +Y + Vre is due east and has magnitude 12.0 m/s. ¥,,, is 
30.0° west of vertical. ¥,,, is vertical. The relative velocity addition diagram is given in Figure 3.80. 
EXECUTE: (a) ¥,,, is vertical and has zero horizontal component. The horizontal component of Ver iS —V¥p,_, SO 


is 12.0 m/s westward. 


Miia ON aig ee oe, 
tan30.0° tan30.0° sin30.0°  sin30.0 
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EVALUATE: The speed of the raindrop relative to the train is greater than its speed relative to the earth, because 
of the motion of the train. 


N 
WwW |. E 
> S 
Urir J 30.0 , 
URJE 
v. TJE 
Figure 3.80 


IDENTIFY: Relative velocity problem. The plane’s motion relative to the earth is determined by its velocity 
relative to the earth. 
SETUP: Select a coordinate system where +y is north and +x is east. 


The velocity vectors in the problem are: 
Vog the velocity of the plane relative to the earth. 


Vaa the velocity of the plane relative to the air (the magnitude v,,, is the air speed of the plane and the direction 
of ¥,,, is the compass course set by the pilot). 

Vag» the velocity of the air relative to the earth (the wind velocity). 

The rule for combining relative velocities gives Vee =Vpj, t Vag. 


(a) We are given the following information about the relative velocities: 
>», has magnitude 220 km/h and its direction is west. In our coordinates is has components (v,,,), =—220 km/h 


and (vya), =0. 
From the displacement of the plane relative to the earth after 0.500 h, we find that v,,. has components in our 
coordinate system of 


120 km 

Ve) =— =-240 km/h (west 

Ore) 9500 oe) 
20 km 

Vae), =-——— = 40 kmh (south 

(pe), 0.500 h (south) 

With this information the diagram corresponding to the velocity addition equation is shown in Figure 3.8 La. 
YPIA 


wn) 
YPIE 


Figure 3.81a 


We are asked to find Vag, so solve for this vector: 

Voe =Voa Vag gives Vae = Vee — Voa: 

EXECUTE: The x-component of this equation gives 

Vae): = (Vre): — pa)» = —240 km/h — (—220 km/h) = —20 km/h. 
The y-component of this equation gives 

(Vaz), = Mre), = Ora )y = —40 kmh. 
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Now that we have the components of Yag we can find its magnitude and direction. 


x 
A JN E Vae = NONS Hae), 
Ei $ Vag = (20 km/h)? + (—40 km/h)? = 44.7 km/h 
tang = soe =2.00; ¢=63.4° 
“ee 20 km/h 
i. The direction of the wind velocity is 63.4° S of W, or 
$ 26.6° W ofS. 


Figure 3.81b 


EVALUATE: The plane heads west. It goes farther west than it would without wind and also travels south, so the 
wind velocity has components west and south. 


(b) SETUP: The rule for combining the relative velocities is still Vp =Vpj, +¥,,,, but some of these velocities 
have different values than in part (a). 
Vp has magnitude 220 km/h but its direction is to be found. 


Vag has magnitude 40 km/h and its direction is due south. 
The direction of Vps is west; its magnitude is not given. 


The vector diagram for ¥,,. = Ypa +¥,, and the specified directions for the vectors is shown in Figure 3.81c. 


Figure 3.81c 


The vector addition diagram forms a right triangle. 
. 40 km/h 

EXECUTE: sing= Maa ei: 
Vp, 220 km/h 


The pilot should set her course 10.5° north of west. 

EVALUATE: The velocity of the plane relative to the air must have a northward component to counteract the wind 
and a westward component in order to travel west. 

IDENTIFY: Both the bolt and the elevator move vertically with constant acceleration. 

SET Up: Let +y be upward and let y = Oat the initial position of the floor of the elevator, so y, for the bolt is 
3.00 m. 


EXECUTE: (a) The position of the bolt is 3.00 m + (2.50 m/s)t —(1/2)(9.80 m/s”)t” and the position of the floor 
is (2.50 m/s)t. Equating the two, 3.00 m = (4.90 m/s”)¢’ . Therefore, t =0.782 s . 

(b) The velocity of the bolt is 2.50 m/s — (9.80 m/s*)(0.782 s) =—5.17 m/s relative to Earth, therefore, relative to 
an observer in the elevator v =—5.17 m/s — 2.50 m/s = -7.67 m/s. 


(c) As calculated in part (b), the speed relative to Earth is 5.17 m/s. 
(d) Relative to Earth, the distance the bolt traveled is 


(2.50 m/s)t —(1/2)(9.80 m/s”)t* = (2.50 m/s)(0.782 s) — (4.90 m/s*)(0.782 s}? =—1.04 m. 
EVALUATE: As viewed by an observer in the elevator, the bolt has v,, =0 and a, =—9.80 m/s” , so in 0.782 s it 
falls —£(9.80 m/s*)(0.782 s)° =—3.00 m. 


IDENTIFY: In an earth frame the elevator accelerates upward at 4.00 m/s’ and the bolt accelerates downward at 
9.80 m/s” . Relative to the elevator the bolt has a downward acceleration of 4.00 m/s? +9.80 m/s? =13.80 m/s’ . In 
either frame, that of the earth or that of the elevator, the bolt has constant acceleration and the constant acceleration 
equations can be used. 

SET Up: Let +y be upward. The bolt travels 3.00 m downward relative to the elevator. 


=0.1818; g=10.5°. 


EXECUTE: (a) In the frame of the elevator, Voy = 0, y-y, =-3.00 m, a,= -13.8 m/s’. 


2 2(y= yə) _ }2(-3.00 m) _ 
Y— Yo = Vot +Fa,t° gives = n “is eae =0.659 s. 
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(b) v, =v, +a,f. Vo, =Oand t =0.659 s. (i) a, =-13.8 m/s’ and v, =—9.09 m/s . The bolt has speed 9.09 m/s 
when it reaches the floor of the elevator. (ii) a, =—9.80 m/s’ and v, =—6.46 m/s . In this frame the bolt has speed 


6.46 m/s when it reaches the floor of the elevator. 

(© y- y =Vot +4a,t°. vo, =Oand t=0.659 s. (i) a, =—13.8 m/s” and 

Y — Y =4F(-13.8 m/s’)(0.659 s)? = -3.00 m . The bolt falls 3.00 m, which is correctly the distance between the 
floor and roof of the elevator. (ii) a, =—9.80 m/s’ and y — y, =4(-9.80 m/s*)(0.659 s)? =—2.13 m . The bolt falls 
2.13 m. 

EVALUATE: In the earth's frame the bolt falls 2.13 m and the elevator rises 

+(4.00 m/s*)(0.659 s)’ = 0.87 m during the time that the bolt travels from the ceiling to the floor of the elevator. 


IDENTIFY: The velocity Vp of the plane relative to the earth is related to the velocity v,,, of the plane relative to 
the air and the velocity V, p of the air relative to the earth (the wind velocity) by Vpe = Vpn +V¥a,- 
_ 5550 km 


SETUP: Let +x be to the east. With no wind v,,, = Vpe = Eon 


=840.9 km/h . v,,., = +225 km/h. The 


distance between A and B is 2775 km. 
EXECUTE:  Vpex =Vpax + Yaga. For the trip A to B, vp... =+840.9 km/h and 
2775 km 


Vp, = 840.9 km/h + 225 km/h = 1065.9 km/h and the travel time is ¢,, =——————— = 2.60 h . For the trip B to 
1065.9 km/h 


A, Vp), = 840.9 km/h and vp, =—840.9 km/h + 225 km/h = —615.9 km/h and the travel time is 
—2775 km 


t,, =——————__ = 4.5L h. The total time for the round trip will be t=t,,+¢t,,=7.11lh. 
615.9 km/h p a 


EVALUATE: The round trip takes longer when the wind blows, even though the plane travels with the wind for 


one leg of the trip. The arithmetic average of the speeds for each leg is Meaz mi saint = 840.9 km/h, 


the same speed when there is no wind. But the plane spends more time traveling at the slower speed relative to the 
ground and the average speed is less than the arithmetic average of the speeds for each half of the trip. 

IDENTIFY: Relative velocity problem. 

SET Up: The three relative velocities are: 

Vg» Juan relative to the ground. This velocity is due north and has magnitude v,,, =8.00 m/s. 


Vag, the ball relative to the ground. This vector is 37.0° east of north and has magnitude vp =12.00 m/s. 
Vaj» the ball relative to Juan. We are asked to find the magnitude and direction of this vector. 
The relative velocity addition equation is Vg, = Vpy + Vyas SO Vay = Ypo Yio: 


The relative velocity addition diagram does not form a right triangle so we must do the vector addition using 
components. 
Take +y to be north and +x to be east. 


EXECUTE: Vp = Hpg $1n37.0° = 7.222 m/s 
Vayy = +Vgig C0837.0° — vg =1.584 m/s 


These two components give vp; =7.39 m/s at 12.4° north of east. 

EVALUATE: Since Juan is running due north, the ball’s eastward component of velocity relative to him is the 
same as its eastward component relative to the earth. The northward component of velocity for Juan and the ball 
are in the same direction, so the component for the ball relative to Juan is the difference in their components of 
velocity relative to the ground. 

IDENTIFY: (a) The ball moves in projectile motion. When it is moving horizontally, v, =0. 


SET Up: Let +x be to the right and let +y be upward. a,=0, a, =-8 . 


EXECUTE: (a) v,, = /2gh = J2(9.80 m/s*)(4.90 m) =9.80 m/s. 

(b) %,/g=1.00s. 

(c) The horizontal component of the velocity of the ball relative to the man is 

(10.8 m/s)” — (9.80 m/s)? = 4.54 m/s , the horizontal component of the velocity relative to the hoop is 
4.54 m/s + 9.10 m/s =13.6 m/s , and the man must be 13.6 m in front of the hoop at release. 
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9.80 m/s 


(d) Relative to the flat car, the ball is projected at an angle 0 = al taal 
m/s 


angle is 0 = wn ims J- 35.7°. 


) =65°. Relative to the ground the 


4.54 m/s +9.10 m/s 
EVALUATE: In both frames of reference the ball moves in a parabolic path with a, =0and a, =—g . The only 


difference between the description of the motion in the two frames is the horizontal component of the ball’s 
velocity. 

IDENTIFY: The pellets move in projectile motion. The vertical motion determines their time in the air. 
SETUP: 1, =v,cosl.0°, v, =v, sinl.0°. 


2v, 


EXECUTE: (a) t= . X— Xo = Vt gives x- xo = (v cost 00) 812°) =80 m. 


& 

(b) The probability is 1000 times the ratio of the area of the top of the person’s head to the area of the circle in 
m(10x107 m)? 
7(80 m)? 

(c) The slower rise will tend to reduce the time in the air and hence reduce the radius. The slower horizontal 
velocity will also reduce the radius. The lower speed would tend to increase the time of descent, hence increasing 
the radius. As the bullets fall, the friction effect is smaller than when they were rising, and the overall effect is to 
decrease the radius. 

EVALUATE: The small angle of deviation from the vertical still causes the pellets to spread over a large area 
because their time in the air is large. 


which the pellets land. (1 oof ) =1.6x10”. 


IDENTIFY: Write an expression for the square of the distance (D°) from the origin to the particle, expressed as a 


function of time. Then take the derivative of D? with respect to ¢, and solve for the value of ¢ when this derivative 
is zero. If the discriminant is zero or negative, the distance D will never decrease. 


SETUP: D?=x?+y’, with x(¢)and y(t) given by Eqs.(3.20) and (3.21). 


EXECUTE: Following this process, sin /8/9 = 70.5°. 

EVALUATE: We know that if the object is thrown straight up it moves away from P and then returns, so we are 
not surprised that the projectile angle must be less than some maximum value for the distance to always increase 
with time. 

IDENTIFY: The baseball moves in projectile motion. 

SET Up: Use coordinates where the x-axis is horizontal and the y-axis is vertical. 

EXECUTE: (a) The trajectory of the projectile is given by Eq. (3.27), with a, =0 +ọ, and the equation describing 
the incline is y =xtand@. Setting these equal and factoring out the x =0 root (where the projectile is on the 
incline) gives a value for x,; the range measured along the incline is 


2, 
2v 


vieosd=| 
g 


[ao -y) — tan afore = : 


cos 


(b) Of the many ways to approach this problem, a convenient way is to use the same sort of substitution, involving 
double angles, as was used to derive the expression for the range along a horizontal incline. Specifically, write the 
above in terms of œ =0 +ọ, as 


2 


2 F A 
r=] Hj [binzcosccos0 cos asing ; 
gcos 


The dependence on œ and hence ø is in the second term. Using the identities 
sinacosa@ =(1/2)sin2a and cos’ a =(1/2)(1+cos2a), this term becomes 
(1/2)[cos@sin2a@ -sin cos2a@ —sin@] = (1/2)[sin(2a — 0) —sin@] . 
This will be a maximum when sin(2@ —@) is a maximum, at 2a -0 =29+0=90°, or 9 =45°-6/2. 
EVALUATE: Note that the result reduces to the expected forms when 0 = 0 (a flat incline, g=45° and when 


0 =—90° (a vertical cliff), when a horizontal launch gives the greatest distance). 

IDENTIFY: The arrow moves in projectile motion. 

SETUP: Use coordinates that for which the axes are horizontal and vertical. Let @ be the angle of the slope and 
let ø be the angle of projection relative to the sloping ground. 
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EXECUTE: The horizontal distance x in terms of the angles is 


1 
cos*(9+¢) ` 


tan 0 = tan(0 + @) (=) 


2v 
Denote the dimensionless quantity gx/2v by £; in this case 


_ (9.80 m/s”)(60.0 m)cos30.0° 


= 0.2486. 
B 2(32.0 m/s) 
The above relation can then be written, on multiplying both sides by the product cos @cos(6@ + Ø), 
I E ain On pees 
cos(0 + Ø) 
; À pcos sr. ey $ 
and so sin(8 + ø)cos0 —cos(0 + ¢)sin 0 = DaD . The term on the left is sin((8 + ¢) — 0) =sing@, so the result 
cos( + 


of this combination is sin ø cos(0 + ø) = J cos 6. 
Although this can be done numerically (by iteration, trial-and-error, or other methods), the expansion 
sinacosb =+(sin(a +b) +sin(a—5)) allows the angle ø to be isolated; specifically, then 


Sin% +0) +sin(—0)) = Bcos@, with the net result that sin(2¢+ 0) =2 8 cos8 +sinð. 

(a) For 0 =30°, and 2 as found above, ø =19.3° and the angle above the horizontal is 0 +ø = 49.3°. For level 
ground, using 2 =0.2871, gives ¢=17.5°. 

(b) For 6 =-30°, the same 2 as with 8 =30° may be used (cos30° =cos(—30°)), giving ¢=13.0° and 

+0 =-17.0°. 

EVALUATE: For 0 =0 the result becomes sin(2¢) =22 = gx/v, . This is equivalent to the expression 

_ v sin(2a,) 
e g 
IDENTIFY: Find AY and use this to calculate the magnitude and direction of the average acceleration. 


R derived in Example 3.8. 


; . . At ; : 
SETUP: Inatime Aż, the velocity vector has moved through an angle (in radians) Ag = os (see Figure 3.28 in 


the textbook). By considering the isosceles triangle formed by the two velocity vectors, the magnitude [a7] is seen 
to be 2vsin(¢/2). 

Av] nv (= 10 m/s 
= =2—sin = 


a 


av 


EXECUTE: 


sin([1.0/s]At) 


At At 2R At 
Using the given values gives magnitudes of 9.59 m/s’, 9.98 m/s? and 10.0 m/s’. The changes in direction of the 


velocity vectors are given by A0 = > and are, respectively, 1.0 rad, 0.2 rad, and 0.1 rad. Therefore, the angle of 


A0 


the average acceleration vector with the original velocity vector is TTAR m/2+1/2 rad(or 118.6°), 


m/2+0.1 rad(or 95.7°), and 7/2+0.05 rad(or 92.9°). 
EVALUATE: The instantaneous acceleration magnitude, v°/R = (5.00 m/s)” (2.50 m) =10.0 m/s? is indeed 
approached in the limit at At > 0. Also, the direction of @,, approaches the radially inward direction as At 0. 
IDENTIFY: The rocket has two periods of constant acceleration motion. 
SET Up: Let +y be upward. During the free-fall phase, a, =0 and a,=-g. After the engines turn on, 
a, =(3.00g)cos30.0° and a, =(3.00g)sin30.0° . Let ¢ be the total time since the rocket was dropped and let T be 


the time the rocket falls before the engine starts. 

EXECUTE: (i) The diagram is given in Figure 3.92a. 

(ii) The x-position of the plane is (236 m/s)t and the x-position of the rocket is 

(236 m/s)t + (1/2)(3.00)(9.80 m/s*)cos30°(t—7)’. The graphs of these two equations are sketched in Figure 
3.92b. 
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iii) If we take y =0 to be the altitude of the airliner, then 
(iii) y 
y(t) =-1/2gT? — gT (t —T) +1/2(3.00)(9.80 m/s*)(sin30°)(t —T')” for the rocket. The airliner has constant y. The 


graphs are sketched in Figure 3.92b. 
In each of the Figures 3.92a-c, the rocket is dropped at ¢ = 0 and the time T when the motor is turned on is 


indicated. 
By setting y =0 for the rocket, we can solve for t in terms of T: 


0 =-(4.90 m/s”)T? — (9.80 m/s”)T(t — T) + (7.35 m/s’ X(t - T} . Using the quadratic formula for the 
2 2m2 2 2 
T= (9.80 m/s°)T + /(9.80 m/s°T) ous» m/s°)(4.9)T ot t=2.72 T. Now, 
2(7.35 m/s*) 
socket ~Xplane = 1000 m, we find (236 m/s)t + (12.7 m/s? )(t-T)’ — (236 m/s)t = 1000 m, or 


(1.72T)’ = 78.6 s°. Therefore T =5.15 s. 


EVALUATE: During the free-fall phase the rocket and airliner have the same x coordinate but the rocket moves 
downward from the airliner. After the engines fire, the rocket starts to move upward and its horizontal component 
of velocity starts to exceed that of the airliner. 


ž 
Rock y 
‘ket 
SaS Airliner 
Airliner ->| 1000 mj- 
Airliner 
: t 
Rocket T 
(a) 


(b) (© 
Figure 3.92 


variable x =t —T we find x =t 


using the condition that x 


Rocket 


IDENTIFY: Apply the relative velocity relation. 
SETUP: Let vw be the speed of the canoe relative to water and vy be the speed of the water relative to the 


ground. 
EXECUTE: (a) Taking all units to be in km and h, we have three equations. We know that heading upstream 


Vow —Ywig = 2. We know that heading downstream for a time t, (Vow + Ywa)t =5. We also know that for the 


bottle vyg (t+1)=3. Solving these three equations for vyg =X, Vow =2 +x, therefore (2+x+x)t=5 or 
(2+2x)t=5. Also t=3/x-1, so (2+ 2m(2 = i =5 or 2x7 +x—6=0. The positive solution is 
x 


X=Vyg =1.5 km/h. 

(b) Vow =2 km/h +vy,4 =3.5 km/h. 

EVALUATE: When they head upstream, their speed relative to the ground is 3.5 km/h —1.5 km/h = 2.0 km/h. 
When they head downstream, their speed relative to the ground is 3.5 km/h +1.5 km/h = 5.0 km/h. The bottle is 
moving downstream at 1.5 km/s relative to the earth, so they are able to overtake it. 
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4.1. 


4.2. 


4.3. 


4.4. 


IDENTIFY: Consider the vector sum in each case. 

SETUP: Call the two forces F and F, . Let F, be to the right. In each case select the direction of F, such that 
F = F + F, has the desired magnitude. 

EXECUTE: (a) For the magnitude of the sum to be the sum of the magnitudes, the forces must be parallel, and the 
angle between them is zero. The two vectors and their sum are sketched in Figure 4.1a. 

(b) The forces form the sides of a right isosceles triangle, and the angle between them is 90° . The two vectors and 
their sum are sketched in Figure 4.1b. 

(c) For the sum to have zero magnitude, the forces must be antiparallel, and the angle between them is 180° . The 
two vectors are sketched in Figure 4. Ic. 

EVALUATE: The maximum magnitude of the sum of the two vectors is 2F, as in part (a). 


Figure 4.1 


IDENTIFY: Add the three forces by adding their components. 

SET Up: In the new coordinates, the 120-N force acts at an angle of 53° from the —x -axis, or 233° from 
the +x -axis, and the 50-N force acts at an angle of 323° from the +x -axis. 

EXECUTE: (a) The components of the net force are 


R, = (120 N)cos233°+(50 N)cos323° = -32 N 


R, =(250 N) + (120 N)sin 233° + (50 N)sin323°=124 N. 


124 
= 2 a =e o : : 
(b) R=, R; +R, =128 N, arctan (5) =104°. The results have the same magnitude as in Example 4.1, and the 


angle has been changed by the amount (37°) that the coordinates have been rotated. 


EVALUATE: We can use any set of coordinate axes that we wish to and can therefore select axes for which the 
analysis of the problem is the simplest. 

IDENTIFY: Use right-triangle trigonometry to find the components of the force. 

SET Up: Let +x be to the right and let +y be downward. 


EXECUTE: The horizontal component of the force is (10 N)cos45°=7.1N to the right and the vertical 
component is (10 N)sin45°=7.1N down. 


EVALUATE: In our coordinates each component is positive; the signs of the components indicate the directions of 
the component vectors. 


IDENTIFY: F,=Fcos0, F,=Fsinð. 
SETUP: Let +x be parallel to the ramp and directed up the ramp. Let +y be perpendicular to the ramp and 
directed away from it. Then 6 =30.0°. 
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EXECUTE: (a) F He SON 69.3 N. 
cos@ cos30° 


(b) F, =F sind =F, tan 6 =34.6 N. 


EVALUATE: We can verify that F? + F? = F° . The signs of Fand F, show their direction. 
IDENTIFY: Vector addition. 
SETUP: Usea coordinate system where the +x-axis is in the direction of F,, the force applied by dog A. The 


forces are sketched in Figure 4.5. 


EXECUTE: 
y 


F,.=+270N, F,, =0 
F, = F, cos 60.0° = (300 N)cos60.0° = +150 N 
F, = F; sin 60.0° = (300 N)sin 60.0° = +260 N 


Fy 
Figure 4.5a 
R=F,+F, 
R, =F, +F =+270 N +150 N = +420 N 
R, =F + Fy, =0+260 N = +260 N 


y R- JRR 


R= (420 N}? +(260 NÝ =494 N 


R, 
tan = — =0.619 
X R, 


0 =31.8° 


Figure 4.5b 


EVALUATE: The forces must be added as vectors. The magnitude of the resultant force is less than the sum of the 
magnitudes of the two forces and depends on the angle between the two forces. 
IDENTIFY: Add the two forces using components. 


SETUP: F.=Fcosé, F,= Fsin@, where 8 is the angle F makes with the +x axis. 
EXECUTE: (a) F, +F, =(9.00 N)cos120° + (6.00 N)cos(233.1°) = -8.10 N 
F, + F}, = (9.00 N)sin120° + (6.00 N)sin(233.1°) = +3.00 N. 


(b) R =,R? +R? = (8.10 N}? +8.00 N}? =8.64 N. 


EVALUATE: Since F,<0and F, >0, F is in the second quadrant. 


4.7. 


4.8. 


4.9. 


IDENTIFY: Apply X F =md. 

SETUP: Let +x be in the direction of the force. 

EXECUTE: a, = F./m=(132 NY (60 kg) =2.2 m/s’. 

EVALUATE: The acceleration is in the direction of the force. 
IDENTIFY: Apply X F =a. 

SET Up: Let + x be in the direction of the acceleration. 

EXECUTE: F, = ma, =(135 kg)(1.40 m/s”) =189 N. 

EVALUATE: The net force must be in the direction of the acceleration. 
IDENTIFY: Apply X, F = mä to the box. 


SETUP: Let +x be the direction of the force and acceleration. Ee =48.0N. 
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4.10. 


4.11. 


4.12. 


4.13. 


DF. 48.0N 
J 3.00 m/s? 
EVALUATE: The vertical forces sum to zero and there is no motion in that direction. 


EXECUTE: ))F,=ma, gives m= =16.0kg. 


IDENTIFY: Use the information about the motion to find the acceleration and then use XF, =ma, to 


calculate m. 
SETUP: Let +x be the direction of the force. XF, =80.0 N. 


EXECUTE: (a) x-x,=11.0m, ¢=5.00s, w, =0. x-x, =v, +Ża,ť gives 


2 F, 
a 207) _ 2011.0 m) _ 9 990 m/s > .  80.0N 


t (5.00 s)? a, 0.880 m/s? 
(b) a, =Oand v, is constant. After the first 5.0 s, v, =v), + a,t = (0.880 m/s°)(5.00 s) = 4.40 m/s . 


X—Xy = Vt +4a,t° = (4.40 m/s)(5.00 s) =22.0 m. 


EVALUATE: The mass determines the amount of acceleration produced by a given force. The block moves farther 
in the second 5.00 s than in the first 5.00 s. 
IDENTIFY and SET UP: Use Newton’s second law in component form (Eq.4.8) to calculate the acceleration 
produced by the force. Use constant acceleration equations to calculate the effect of the acceleration on the motion. 
EXECUTE: (a) During this time interval the acceleration is constant and equal to 

oe F, _ 0.250 N 

* m 0.160 kg 

We can use the constant acceleration kinematic equations from Chapter 2. 
xX— xX =V, t +4a,t? =0+4(1.562 m/s*)(2.00 s)’, 
so the puck is at x =3.12 m. 
V, = Vo, + a,t =0+(1.562 m/s*)(2.00 s) =3.13 m/s. 
(b) In the time interval from t =2.00 s to 5.00 s the force has been removed so the acceleration is zero. The speed 
stays constant at v, =3.12 m/s. The distance the puck travels is x—x, =v,,t =(3.12 m/s)(5.00 s —2.00 s) =9.36 m. 


At the end of the interval it is at x = x, +9.36 m=12.5 m. 


=90.9 kg . 


=1.562 m/s” 


In the time interval from t =5.00 s to 7.00 s the acceleration is again a, =1.562 m/s”. At the start of this interval 
Vy, =3.12 m/s and x, =12.5 m. 

tt+tat? =(3.12 m/s)(2.00 s)+4(1.562 m/s*)(2.00 s)’. 

x— XxX, =6.24m+3.12 m=9.36 m. 

Therefore, at t= 7.00 s the puck is at x =x, +9.36 m=12.5 m +9.36 m=21.9 m. 


X-X) =V 


v, =v, +a,t =3.12 m/s + (1.562 m/s?)(2.00 s) = 6.24 m/s 


EVALUATE: The acceleration says the puck gains 1.56 m/s of velocity for every second the force acts. The force 
acts a total of 4.00 s so the final velocity is (1.56 m/s)(4.0 s) = 6.24 m/s. 


IDENTIFY: Apply XF =ma . Then use a constant acceleration equation to relate the kinematic quantities. 
SETUP: Let +x be in the direction of the force. 

EXECUTE: (a) a, = F./m=(140 N)/(32.5 kg) = 4.31 m/s’. 

(b) x- x, =v t +}a t. With vw, =0, x=tat =215 m. 

(c) v, =v, +a,t. With v, =0, v, =a t =2x/t =43.0 m/s. 

EVALUATE: The acceleration connects the motion to the forces. 

IDENTIFY: The force and acceleration are related by Newton’s second law. 

SET Up: SE, =ma, , where SE is the net force. m=4.50 kg. 

EXECUTE: (a) The maximum net force occurs when the acceleration has its maximum value. 

$F, = ma, = (4.50 kg)(10.0 m/s’) = 45.0 N . This maximum force occurs between 2.0 s and 4.0 s. 


(b) The net force is constant when the acceleration is constant. This is between 2.0 s and 4.0 s. 
(c) The net force is zero when the acceleration is zero. This is the case at t=O and t=6.0s. 


EVALUATE: A graphof )> F versus t would have the same shape as the graph of a. versus t. 
grap s p grap 3 
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4.14. 


4.15. 


4.16. 


4.17. 


4.18. 


F dv, : 
IDENTIFY: The force and acceleration are related by Newton’s second law. a, = di , so a, is the slope of the 
=: 7 : 


graph of v, versus t. 
SETUP: The graph of v, versus ¢ consists of straight-line segments. For f=0 to t= 2.00 s, a, =4.00 m/s’. For 
t = 2.00 sto 6.00 s, a, =0. For t=6.00s to 10.0 s, a, =1.00 m/s’. 


DF. =ma, , With m=2.75 kg. XF, is the net force. 

EXECUTE: (a) The maximum net force occurs when the acceleration has its maximum value. 

XF, = ma, = (2.75 kg)(4.00 m/s”) =11.0 N . This maximum occurs in the interval ż=0 to 1=2.00s. 

(b) The net force is zero when the acceleration is zero. This is between 2.00 s and 6.00 s. 

(c) Between 6.00 s and 10.0 s, a, =1.00 m/s”, so XF, =(2.75 kg)(1.00 m/s?) =2.75N . 

EVALUATE: The net force is largest when the velocity is changing most rapidly. 

IDENTIFY: The net force and the acceleration are related by Newton’s second law. When the rocket is near the 
surface of the earth the forces on it are the upward force F exerted on it because of the burning fuel and the 
downward force F,,,, of gravity. Fav = MQ . 


grav rav 


SETUP: Let +y be upward. The weight of the rocket is F, = (8.00 kg)(9.80 m/s?) =78.4N. 


EXECUTE: (a) At f=0, F=A=100.0N. At t=2.00s, F= A+ (4.00 s’)B =150.0 N and 

150.0 N-100.0 N 
B= 2 
4.00 s 

(b) (i) At t=0, F = A=100.0 N . The net force is SF, =F -F =100.0 N-78.4N=21.6N. 


grav 


=12.5 N/s’. 


F 
a, _ LF) _21.6N _ 5 a9 m/s”. (ii) At ¢=3.00 s, F = A+ B(3.00 s}? =212.5N. 


m 8.00 kg 
F 
$F, =212.5 N-78.4 N =134.1 N. a, eee =16.8 m/s’. 
: ” om 800kg 
(c) Now Fa =0and Ñ F, =F =212.5N. a, = 212-9 N _ 26.6 m/s?. 


00 kg 
EVALUATE: The acceleration increases as F increases. 
IDENTIFY: Use constant acceleration equations to calculate a, and t. Then use SF = mä to calculate the 


net force. 
SET Up: Let +x be in the direction of motion of the electron. 


EXECUTE: (a) w, =0, (x—x))=1.80x107 m, v, =3.00x10° m/s. v? =v, +2a,(x—-x,)) gives 
pre vv, _ (8.00x10° m/s)’ —0 
*  2(x-x,)  2(1.80x10° m) 
-va _ 3.00x10° m/s—0 
a, 2.50 10"* m/s? 


ce) X F =ma, =(9.11x10™! kg)(2.50x10'* m/s?) =2.28x10™ N . 
x x g 


EVALUATE: The acceleration is in the direction of motion since the speed is increasing, and the net force is in the 
direction of the acceleration. 
IDENTIFY and SETUP: F =ma. We must use w=mg to find the mass of the boulder. 


w 2400 N 
g 9.80 m/s? 
Then F = ma = (244.9 kg)(12.0 m/s”) = 2940 N. 

EVALUATE: We must use mass in Newton’s second law. Mass and weight are proportional. 
IDENTIFY: Apply ò F =ma . 

SETUP: m=w/g =(71.2 N)/(9.80 m/s’) =7.27 kg. 


=2.50x10"4 m/s? 


x 


(b) v, =v, +a,t gives t= =1.2x10* s 


EXECUTE: m= =244.9 kg 


EXECUTE: a, = Hare NGO 9) nals? 
© m 121kg 


EVALUATE: The weight ofthe ball is a vertical force and doesn’t affect the horizontal acceleration. However, the 
weight is used to calculate the mass. 
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4.19. 


4.20. 


4.21. 


4.22. 


4.23. 


IDENTIFY and SETUP: w=mg. The mass of the watermelon is constant, independent of its location. Its weight 


differs on earth and Jupiter’s moon. Use the information about the watermelon’s weight on earth to calculate its 
mass: 
EXECUTE: w=meg gives that m= “= een =4.49 kg. 
g 9.80 m/s 
On Jupiter’s moon, m = 4.49 kg, the same as on earth. Thus the weight on Jupiter’s moon is 
w= mg = (4.49 kg)(1.81 m/s”) =8.13 N. 
EVALUATE: The weight of the watermelon is less on Io, since g is smaller there. 
IDENTIFY: Weight and mass are related by w= mg . The mass is constant but g and w depend on location. 


SETUP: Onearth, g=9.80 m/s’. 


EXECUTE: (a) w- m , which is constant, so e 2 iw . wW =I7.5N, g, =9.80 m/s’, and w, =3.24N. 
g 


Sr Sa 
w, 224) 2 2 
=| — lg. = 9.80 m/s“) =1.81 m/s^. 
= [}e, EN ) 
(b) m=- E = 1.79 kg. 
Ee . S 


EVALUATE: The weight at a location and the acceleration due to gravity at that location are directly proportional. 
IDENTIFY: Apply en = ma, to find the resultant horizontal force. 

SET Up: Let the acceleration be in the +x direction. 

EXECUTE: XF, = ma, = (55 kg)(15 m/s”) =825 N . The force is exerted by the blocks. The blocks push on the 


sprinter because the sprinter pushes on the blocks. 
EVALUATE: The force the blocks exert on the sprinter has the same magnitude as the force the sprinter exerts on 
the blocks. The harder the sprinter pushes, the greater the force on him. 


IDENTIFY: YF = mä refers to forces that all act on one object. The third law refers to forces that a pair of 


objects exert on each other. 
SET Up: An object is in equilibrium if the vector sum of all the forces on it is zero. A third law pair of forces 
have the same magnitude regardless of the motion of either object. 
EXECUTE: (a) the earth (gravity) 
(b) 4 N; the book 
(c) no, these two forces are exerted on the same object 
(d) 4 N; the earth; the book; upward 
(e) 4 N, the hand; the book; downward 
(f) second (The two forces are exerted on the same object and this object has zero acceleration.) 
(g) third (The forces are between a pair of objects.) 
(h) No. There is a net upward force on the book equal to 1 N. 
(i) No. The force exerted on the book by your hand is 5 N, upward. The force exerted on the book by the earth is 
4 N, downward. 
(j) Yes. These forces form a third-law pair and are equal in magnitude and opposite in direction. 
(k) Yes. These forces form a third-law pair and are equal in magnitude and opposite in direction. 
(1) One, only the gravity force. 
(m) No. There is a net downward force of 5 N exerted on the book. 
EVALUATE: Newton’s second and third laws give complementary information about the forces that act. 
IDENTIFY: Identify the forces on the bottle. 
SETUP: Classify forces as contact or noncontact forces. The noncontact force is gravity and the contact forces 
come from things that touch the object. Gravity is always directed downward toward the center of the earth. Air 
resistance is always directed opposite to the velocity of the object relative to the air. 
EXECUTE: (a) The free-body diagram for the bottle is sketched in Figure 4.23a 
F 


| The only forces on the bottle are gravity 
e (downward) and air resistance (upward). 
| w = mg 

Figure 4.23a 


(b) 
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4.24. 


4.25. 


4.26. 


4.27. 


1. w is the force of gravity that the earth exerts 
on the bottle. The reaction to this force is w’, 


force that the bottle exerts on the earth 


w' 
earth 
Figure 4.23b 


Note that these two equal and opposite forces produce very different accelerations because the bottle and the earth 
have very different masses. 
F „ is the force that the air exerts on the bottle and is upward. The reaction to this force is a downward force F’ 


air air 
that the bottle exerts on the air. These two forces have equal magnitudes and opposite directions. 

EVALUATE: The only thing in contact with the bottle while it is falling is the air. Newton’s third law always 
deals with forces on two different objects. 

IDENTIFY: The reaction forces in Newton’s third law are always between a pair of objects. In Newton’s second 
law all the forces act on a single object. 

SET Up: Let +y be downward. m=w/g. 

EXECUTE: The reaction to the upward normal force on the passenger is the downward normal force, also of 
magnitude 620 N, that the passenger exerts on the floor. The reaction to the passenger’s weight is the gravitational 
XF 


force that the passenger exerts on the earth, upward and also of magnitude 650 N. “=a, gives 


_ 650 N-620N 
f» = (650 Ny/(9.80 m/s*) 
EVALUATE: There is a net downward force on the passenger and the passenger has a downward acceleration. 
IDENTIFY: Apply Newton’s second law to the earth. 
SETUP: The force of gravity that the earth exerts on her is her weight, w = mg = (45 kg)(9.8 m/s’) =441 N. By 
Newton’s 3rd law, she exerts an equal and opposite force on the earth. 
Apply SF =ma to the earth, with Z F| =w=441 N, but must use the mass of the earth for m. 


w  441N 
m 6.0x10™ kg 
EVALUATE: This is much smaller than her acceleration of 9.8 m/s’. The force she exerts on the earth equals in 


magnitude the force the earth exerts on her, but the acceleration the force produces depends on the mass of the 
object and her mass is much less than the mass of the earth. 


IDENTIFY and SET Up: The only force on the ball is the gravity force, F.... This force is mg , downward and is 


grav 


= 0.452 m/s’ . The passenger’s acceleration is 0.452 m/s” , downward. 


EXECUTE: a= =7.4x10 m/s’. 


independent of the motion of the object. 
EXECUTE: The free-body diagram is sketched in Figure 4.26. The free-body diagram is the same in all cases. 
EVALUATE: Some forces, such as friction, depend on the motion of the object but the gravity force does not. 


meg 
Figure 4.26 


IDENTIFY: Identify the forces on each object. 

SET Up: In each case the forces are the noncontact force of gravity (the weight) and the forces applied by objects 
that are in contact with each crate. Each crate touches the floor and the other crate, and some object applies F to 
crate A. 

EXECUTE: (a) The free-body diagrams for each crate are given in Figure 4.27. 

F,, (the force on m, due tom,) and F,, (the force on m, due to m,) form an action-reaction pair. 


(b) Since there is no horizontal force opposing F, any value of F, no matter how small, will cause the crates to 
accelerate to the right. The weight of the two crates acts at a right angle to the horizontal, and is in any case 
balanced by the upward force of the surface on them. 
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4.28. 


4.29. 


4.30. 


EVALUATE: Crate B is accelerated by F,, and crate A is accelerated by the net force F — F,,,. The greater the 


total weight of the two crates, the greater their total mass and the smaller will be their acceleration. 
na ng 


Fra 


WA 


WB 
A B 
Figure 4.27 


IDENTIFY: The surface of block B can exert both a friction force and a normal force on block A. The friction force is 
directed so as to oppose relative motion between blocks B and A. Gravity exerts a downward force w on block A. 
SETUP: The pull is a force on B not on A. 

EXECUTE: (a) If the table is frictionless there is a net horizontal force on the combined object of the two blocks, 
and block B accelerates in the direction of the pull. The friction force that B exerts on A is to the right, to try to 
prevent A from slipping relative to B as B accelerates to the right. The free-body diagram is sketched in Figure 
4.28a. fis the friction force that B exerts on A and n is the normal force that B exerts on A. 

(b) The pull and the friction force exerted on B by the table cancel and the net force on the system of two blocks is 
zero. The blocks move with the same constant speed and B exerts no friction force on A. The free-body diagram is 
sketched in Figure 4.28b. 

EVALUATE: Ifin part (b) the pull force is decreased, block B will slow down, with an acceleration directed to the 
left. In this case the friction force on A would be to the left, to prevent relative motion between the two blocks by 


giving A an acceleration equal to that of B. 
n n 
w w 
(a) (b) 


Figure 4.28 


IDENTIFY: Since the observer in the train sees the ball hang motionless, the ball must have the same acceleration 
as the train car. By Newton’s second law, there must be a net force on the ball in the same direction as its 
acceleration. 

SETUP: The forces on the ball are gravity, which is w, downward, and the tension T in the string, which is 
directed along the string. 

EXECUTE: (a) The acceleration of the train is zero, so the acceleration of the ball is zero. There is no net 
horizontal force on the ball and the string must hang vertically. The free-body diagram is sketched in Figure 4.29a. 
(b) The train has a constant acceleration directed east so the ball must have a constant eastward acceleration. There 
must be a net horizontal force on the ball, directed to the east. This net force must come from an eastward 
component of T and the ball hangs with the string displaced west of vertical. The free-body diagram is sketched in 
Figure 4.29b. 

EVALUATE: When the motion of an object is described in an inertial frame, there must be a net force in the 


direction of the acceleration. 
T 


w w 
(a) (b) 
Figure 4.29 


IDENTIFY: Identify the forces for each object. Action-reaction pairs of forces act between two objects. 

SETUP: Friction is parallel to the surfaces and is directly to oppose relative motion between the surfaces. 
EXECUTE: The free-body diagram for the box is given in Figure 4.30a. The free body diagram for the truck is 
given in Figure 4.30b. The box’s friction force on the truck bed and the truck bed’s friction force on the box form 
an action-reaction pair. There would also be some small air-resistance force action to the left, presumably 
negligible at this speed. 
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4.31. 


4.32. 


4.33. 


EVALUATE: The friction force on the box, exerted by the bed of the truck, is in the direction of the truck's 
acceleration. This friction force can't be large enough to give the box the same acceleration that the truck has and 
the truck acquires a greater speed than the box. 


fk 


J road 


Wg 


(reaction force to 
tires’ backward push) 


Wiruck 


(b) 
Figure 4.30 
IDENTIFY: Identify the forces on the chair. The floor exerts a normal force and a friction force. 
SETUP: Let +y be upward and let +x be in the direction of the motion of the chair. 
EXECUTE: (a) The free-body diagram for the chair is given in Figure 4.31. 
(b) For the chair, a, = 0 so > F, =ma, gives n—mg —Fsin37°=0Oand n=142N. 


EVALUATE: nis larger than the weight because F has a downward component. 
7 


Figure 4.31 


IDENTIFY: Identify the forces on the skier and apply XF = mä . Constant speed means a=0. 


SETUP: Use coordinates that are parallel and perpendicular to the slope. 

EXECUTE: (a) The free-body diagram for the skier is given in Figure 4.32. 

(b) XF, =ma, With a, =0 gives T = mgsin6 = (65.0 kg)(9.80 m/s”)sin26.0° =279 N. 

EVALUATE: Tis less than the weight of the skier. It is equal to the component of the weight that is parallel to the 
incline. 


mg cos @ 


ne a ee | 


Figure 4.32 


IDENTIFY: iF = ma must be satisfied for each object. Newton’s third law says that the force F- „that the car 


on T 
exerts on the truck is equal in magnitude and opposite in direction to the force F, „c that the truck exerts on the 
car. 


SET Up: The only horizontal force on the car is the force Fo 
F Con 
the system is accelerating to the right in the free-body diagrams. 

EXECUTE: (a) The free-body diagram for the car is sketched in Figure 4.33a 
(b) The free-body diagram for the truck is sketched in Figure 4.33b. 


c exerted by the truck. The car exerts a force 


on the truck. There is also a horizontal friction force f that the highway surface exerts on the truck. Assume 


Newton’s Laws of Motion 4-9 


(c) The friction force f accelerates the system forward. The tires of the truck push backwards on the highway 
surface as they rotate, so by Newton’s third law the roadway pushes forward on the tires. 

EVALUATE: F,,,,. and F,r each equal the tension T in the rope. Both objects have the same acceleration a . 
T=m,aand f-T=m,a,so f =(m.+m,)a. The acceleration of the two objects is proportional to f. 


ny 


Fe >on T f 


Wr 


Figure 4.33 


4.34. IDENTIFY: Use a constant acceleration equation to find the stopping time and acceleration. Then use 
DF = ma to calculate the force. 


SET Up: Let +x be in the direction the bullet is traveling. F is the force the wood exerts on the bullet. 


EXECUTE: (a) v, =350 m/s, v, =0 and (x—x,) =0.130 m. (x-x,) (2) 
2(x—x) _ 2(0.130 m) 
Vor HV, 350 m/s 


gives t= =7.43x10" s 


v? =v, _ 0-(350 m/s)’ 

2(x—x,)  2(0.130 m) 
Š F, =ma, gives —F = ma, and F =-ma, =-(1.80x10° kg)(—4.71x10° m/s”) =848 N. 
EVALUATE: The acceleration and net force are opposite to the direction of motion of the bullet. 

4.35. IDENTIFY: Vector addition problem. Write the vector addition equation in component form. We know one vector 
and its resultant and are asked to solve for the other vector. 


SETUP: Use coordinates with the +x-axis along F, and the +y-axis along R; as shown in Figure 4.35a. 


=-4.71x10° m/s? 


(b) v? = vi +2a (x—- x) gives a, = 


F, =+1300N, F, =0 
R, =0, R, =+1300 N 


Figure 4.35a 
F +F, =Ř, so F,=R-F 
EXECUTE: fF), =R, —F,, =0—1300 N = -1300 N 
Fy, =R,- F, =+1300 N -0 = +1300 N 


The components of F, are sketched in Figure 4.35b. 
F, = |F} + F2, = (-1300 N}? + (1300 N} 


F =1840 N 
F. 

pgs STON gi 
F,, -1300 N 

6 =135° 


Figure 4.35b 


The magnitude of F, is 1840 N and its direction is 135° counterclockwise from the direction of F. 
EVALUATE: F, has a negative x-component to cancel F, and a y-component to equal R. 
4.36. IDENTIFY: Use the motion of the ball to calculate g, the acceleration of gravity on the planet. Then w=mg . 


SET Up: Let +y be downward and take y, =0. v, =0 since the ball is released from rest. 
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4.39. 


EXECUTE: Get gon xX: y= set gives 10.0 m= 59(22 s). g =4.13 m/s’ and then 


Wy =mgy = (0.100 kg)(4.03 m/s?) =0.41N. 
EVALUATE: gon Planet X is smaller than on earth and the object weighs less than it would on earth. 
IDENTIFY: Ifthe box moves in the +x-direction it must have a, =0, so SE =0. 


1 The smallest force the child can exert and still 
produce such motion is a force that makes the 
A y-components of all three forces sum to zero, 
* but that doesn’t have any x-component. 


Figure 4.37 


SETUP: F and F, are sketched in Figure 4.37. Let F, be the force exerted by the child. 
> F, =ma, implies F,,+F,,+F,,=0, so F, =-(F,, +F,,). 

EXECUTE: F, = +F,sin60° = (100 N)sin 60° = 86.6 N 

F,, = +F, sin(—30°) = —F, sin30° = —(140 N)sin30° = -70.0 N 

Then F,, =—(F,, + ,) =—(86.6 N -70.0 N)=-16.6 N; F, =0 


The smallest force the child can exert has magnitude 17 N and is directed at 90° clockwise from the +x-axis 
shown in the figure. 
(b) IDENTIFY and SET UP: Apply XF, =ma,. We know the forces and a, so can solve for m. The force exerted 


by the child is in the —y-direction and has no x-component. 
EXECUTE: F, = F,cos60°=50 N 

Fy, = F,cos30° =121.2 N 

SF. =F, +F, =50 N+121.2 N =171.2 N 


DF 171.2N 
a 2.00 m/s? 


x 


Then w=mg =840 N. 


EVALUATE: In part (b) we don’t need to consider the y-component of Newton’s second law. a, =0 so the mass 


m= 


=85.6 kg 


doesn’t appear in the XF, =ma, equation. 
IDENTIFY: Use XF = mä to calculate the acceleration of the tanker and then use constant acceleration 


kinematic equations. 
SET Up: Let +x be the direction the tanker is moving initially. Then a, =—F'/m. 


EXECUTE: v? =v, +2a,(x—x,) says that if the reef weren't there the ship would stop in a distance of 


Vor vw mv, _ (3.6x10" kg)(1.5 m/s)” 
2a, (F/m) 2F 2(8.0x10* N) 


XX) = =506 m, 


so the ship would hit the reef. The speed when the tanker hits the reef is found from v? = v, + 2a,(x—x,) , so it is 


4 
v= v2 —(2Fx/m) - fas ae ee ENON Aga 


(3.6x10’ kg) 


and the oil should be safe. 

EVALUATE: The force and acceleration are directed opposite to the initial motion of the tanker and the speed 
decreases. 

IDENTIFY: We can apply constant acceleration equations to relate the kinematic variables and we can use 
Newton’s second law to relate the forces and acceleration. 

(a) SETUP: First use the information given about the height of the jump to calculate the speed he has at the 
instant his feet leave the ground. Use a coordinate system with the +y-axis upward and the origin at the position 


when his feet leave the ground. 
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v, =0 (at the maximum height), vw, =?, a, =—9.80 m/s’, y—y,=+1.2m 


vi =v, +2a,(y—Y) 


EXECUTE: vp, = /-2a,(y— y,) = ¥—2(-9.80 m/s?)(1.2 m) =4.85 m/s 


(b) SETUP: Now consider the acceleration phase, from when he starts to jump until when his feet leave the 
ground. Use a coordinate system where the +y-axis is upward and the origin is at his position when he starts his 


jump. 

EXECUTE: Calculate the average acceleration: 

Gis Vy Voy _ 4.89 m/s—0 
* t 0.300 s 

(c) SETUP: Finally, find the average upward force that the ground must exert on him to produce this average 

upward acceleration. (Don’t forget about the downward force of gravity.) The forces are sketched in Figure 4.39. 


=16.2 m/s? 


EXECUTE: 

890 N 

y m=w/g= = 90.8 k 
E = 9.80 mis? $ 
law), t F y (the average force F, =ma, 
j the ground exerts on him) F- MES ma ) 
| : F, =m(g+(4,,),) 
mg F, = 90.8 kg(9.80 m/s? + 16.2 m/s”) 


F„ =2360N 
Figure 4.39 


This is the average force exerted on him by the ground. But by Newton’s 3rd law, the average force he exerts on 
the ground is equal and opposite, so is 2360 N, downward. 
EVALUATE: In order for him to accelerate upward, the ground must exert an upward force greater than his 


weight. 
4.40. IDENTIFY: Use constant acceleration equations to calculate the acceleration a, that would be required. Then use 


XF, = ma, to find the necessary force. 
SETUP: Let +x be the direction of the initial motion of the auto. 
2 


, f v a f 
EXECUTE: v =v +2a (x—x,)with v =0 gives a, =—-——®— . The force F is directed opposite to the 
$ 0x x 0 ei 8 x 2(x = ) pp 
0 


S F ; ; . 
motion and a, =—— . Equating these two expressions for a, gives 
m 


(12.5 m/s) 
2(1.8x10? m) 


2 
v 
F =m—— = (850 k 
IERS, ( g) 
EVALUATE: A very large force is required to stop such a massive object in such a short distance. 


4.41. IDENTIFY: Apply Newton’s second law to calculate a. 
(a) SETUP: The free-body diagram for the bucket is sketched in Figure 4.41. 
y 


=3.7x10°N. 


T (the tension 
in the cord) 


a | The net force on the bucket 
is T—mg, upward. 


w = mg 


Figure 4.41 
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(b) EXECUTE: XF, =ma, gives T -mg = ma 
= T-—mg _ 75.0 N- (4.80 kg)(9.80 m/s’) _ 75.0 N—47.04N 
m 4.80 kg 4.80 kg 


EVALUATE: The weight of the bucket is 47.0 N. The upward force exerted by the cord is larger than this, so the 
bucket accelerates upward. 


IDENTIFY: Apply DF = ma to the parachutist. 


=5.82 m/s’. 


SET Up: Let +y be upward. Fa is the force of air resistance. 
EXECUTE: (a) w= mg = (55.0 kg)(9.80 m/s”) = 539 N 
(b) The free-body diagram is given in Fig. 4.42. XF, = F „— w= 620 N -539 N =81 N . The net force is upward. 


F 
(c) a, = LF = = =1.5 m/s’, upward. 
m Okg 


EVALUATE: Both the net force and the acceleration are upward. Since her velocity is downward and her 
acceleration is upward, her speed decreases. 


Figure 4.42 


IDENTIFY: Use Newton’s 2nd law to relate the acceleration and forces for each crate. 


(a) SETUP: Since the crates are connected by a rope, they both have the same acceleration, 2.50 m/s’. 
(b) The forces on the 4.00 kg crate are shown in Figure 4.43a. 


y 


EXECUTE: 


DF, = ma, 


x T = ma = (4.00 kg)(2.50 m/s’) = 10.0 N. 


w = mg 
Figure 4.43a 
(c) SETUP: Forces on the 6.00 kg crate are shown in Figure 4.43b 


y 


The crate accelerates to the right, 
so the net force is to the right. 
F must be larger than T. 


Figure 4.43b 


(d) EXECUTE: DF. =ma, gives F-T=my,a 


F =T +m,a=10.0 N + (6.00 kg)(2.50 m/s?) =10.0 N +15.0 N =25.0N 
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4.44, 


4.45. 


4.46. 


EVALUATE: We can also consider the two crates and the rope connecting them as a single object of mass 
m =m, +m, =10.0 kg. The free-body diagram is sketched in Figure 4.43c. 


y 


LE = ma, 
F = ma = (10.0 kg)(2.50 m/s?) = 25.0 N 
This agrees with our answer in part (d). 


w = mg 


Figure 4.43c 


IDENTIFY: Apply Newton's second and third laws. 

SETUP: Action-reaction forces act between a pair of objects. In the second law all the forces act on the same 
object. 

EXECUTE: (a) The force the astronaut exerts on the cable and the force that the cable exerts on the astronaut are 
an action-reaction pair, so the cable exerts a force of 80.0 N on the astronaut. 

(b) The cable is under tension. 

F 80.0N 


0) a=—=—__ 
Pe ai 1050 


(d) There is no net force on the massless cable, so the force that the shuttle exerts on the cable must be 80.0 N (this 
is not an action-reaction pair). Thus, the force that the cable exerts on the shuttle must be 80.0 N. 
(e) a mt 2 = =8.84x107 m/s’. 

m 9.05x10" kg 
EVALUATE: Since the cable is massless the net force on it is zero and the tension is the same at each end. 
IDENTIFY and SET Up: Take derivatives of x(t) to find v, and a,. Use Newton’s second law to relate the 


= 0.762 m/s’. 


acceleration to the net force on the object. 


EXECUTE: 
(a) x =(9.0x10° m/s”)t” — (8.0 10*m/s*)t? 
x=0 at t=0 


When ¢ =0.025 s, x=(9.0x10? m/s?)(0.025 s} —(8.010* m/s?)(0.025 s)? =4.4 m. 


The length of the barrel must be 4.4 m. 

(b) v, = = = (18.0x10° m/s’)t — (24.0 x104 m/s*)¢? 

At t=0, v,=0 (object starts from rest). 

At t=0.025 s, when the object reaches the end of the barrel, 

v, =(18.0x10° m/s*)(0.025 s) — (24.0 x10 m/s*)(0.025 s)? =300 m/s 
(c) XF, =ma,, so must find a,. 


“= i =18.0x10° m/s? —(48.0x10* m/s°)t 
t 


(i) At t=0, a, =18.0x10° m/s? and >’ F, =(1.50 kg)(18.0x10° m/s?) =2.7x10* N. 

(ii) At t=0.025 s, a, =18x10° m/s? —(48.0x10* m/s*)(0.025 s) = 6.0x10° m/s? and 
$F, = (1.50 kg)(6.010° m/s”) = 9.0 x10? N. 

EVALUATE: The acceleration and net force decrease as the object moves along the barrel. 
IDENTIFY: Apply SF = ma and solve for the mass m of the spacecraft. 


SETUP: w=mg.Let +y be upward. 


EXECUTE: (a) The velocity of the spacecraft is downward. When it is slowing down, the acceleration is upward. 
When it is speeding up, the acceleration is downward. 

(b) In each case the net force is in the direction of the acceleration. Speeding up: w> F and the net force is 
downward. Slowing down: w< F and the net force is upward. 
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4.48. 


4.49. 


(c) Denote the y-component of the acceleration when the thrust is F by a, and the y-component of the 
acceleration when the thrust is F, by a,. a, =+1.20 m/s’ and a, =—0.80 m/s”. The forces and accelerations are 


then related by F, -w=ma,, F,-w=ma,. Dividing the first of these by the second to eliminate the mass gives 


F-w a : ; ; 
—!___ =, and solving for the weight w gives 
F,-w a, 
af, —a,F, Sais : ; ; 
=- 2L Substituting the given numbers, with +y upward, gives 
aq — a, 


„- 120 m/s*)(10.0x10° N) -—(—0.80 m/s°)(25.0x10° N) 
1.20 m/s? — (—0.80 m/s’) 


EVALUATE: The acceleration due to gravity at the surface of Mercury did not need to be found. 
IDENTIFY: The ship and instrument have the same acceleration. The forces and acceleration are related by 
Newton’s second law. We can use a constant acceleration equation to calculate the acceleration from the 
information given about the motion. 


=16.0x10° N. 


SETUP: Let +y be upward. The forces on the instrument are the upward tension T exerted by the wire and the 
downward force w of gravity. w=mg = (6.50 kg)(9.80 m/s’) = 63.7 N 
EXECUTE: (a) The free-body diagram is sketched in Figure 4.47. The acceleration is upward, so T>w. 
2 = Ya) _ 2276 m) 9 45 ais? 
t (15.0 s) 


$F, = ma, gives T -w= ma and T = w+ma = 63.7 N+(6.50 kg)(2.45 m/s”) =79.6 N. 


EVALUATE: There must be a net force in the direction of the acceleration. 


t. 


Y-Y =276m, t=15.08, H,=0. y- y =Wttzat? gives a, = 


w 
Figure 4.47 
If the rocket is moving downward and its speed is decreasing, its acceleration is upward, just as in Problem 4.47. 
The solution is identical to that of Problem 4.47. 
IDENTIFY: Apply YF = ma to the gymnast. 


SET Up: The upward force on the gymnast gives the tension in the rope. The free-body diagram for the gymnast 
is given in Figure 4.49. 

EXECUTE: (a) If the gymnast climbs at a constant rate, there is no net force on the gymnast, so the tension must 
equal the weight; T = mg . 

(b) No motion is no acceleration, so the tension is again the gymnast’s weight. 

(c) T—w=T-mg=ma= m|ai (the acceleration is upward, the same direction as the tension), so T = m(g + la) ; 


(d) T-w=T -mg = ma = —m|ä| (the acceleration is downward, the opposite direction to the tension), so 
T =m(g -|ā]). 
EVALUATE: When she accelerates upward the tension is greater than her weight and when she accelerates 


downward the tension is less than her weight. 
T 


mg 


Figure 4.49 
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IDENTIFY: Apply iF = ma to the elevator to relate the forces on it to the acceleration. 
(a) SETUP: The free-body diagram for the elevator is sketched in Figure 4.50. 


y 


The net force is T -mg (upward). 


Figure 4.50 


Take the +y-direction to be upward since that is the direction of the acceleration. The maximum upward 

acceleration is obtained from the maximum possible tension in the cables. 

EXECUTE: XF, =ma, gives T -mg = ma 

= T -mg _ 28,000 N - (2200 kg)(9.80 m/s”) 
m 2200 kg 

(b) What changes is the weight mg of the elevator. 

ma T-mg_ 28,000 N —(2200 kg)(1.62 m/s”) z 
m 2200 kg 


EVALUATE: The cables can give the elevator a greater acceleration on the moon since the downward force of 
gravity is less there and the same T then gives a greater net force. 
IDENTIFY: He is in free-fall until he contacts the ground. Use the constant acceleration equations and 


apply iF =ma. 
SETUP: Take +y downward. While he is in the air, before he touches the ground, his acceleration 
is a, =9.80 m/s’. 


= 2.93 m/s’. 


11.1 m/s’. 


EXECUTE: (a) vw,=0, y—y,) =3.10m, and a, =9.80 m/s. v = Ve +2a,(y—yo) gives 


v, =,[2a, (= y,) = 4209.80 m/s*)3.10 m) = 7.79 m/s 


(b) v, =7.79 m/s, v, =0, y—y, = 0.60 m. v =v, +2a,(y—y) gives 

ne Vy Yo» _ O-(7.79 m/s)” _ 
”  2(y-Yo)  2(0.60 m) 

(c) The free-body diagram is given in Fig. 4.51. F is the force the ground exerts on him. 

$F, =ma, gives mg -F =-ma . F =m(g +a) =(75.0 kg)(9.80 m/s* + 50.6 m/s”) = 4.53 x10° N , upward. 

F 4,.53x10°N 

w (75.0 kg)(9.80 m/s”) 


By Newton's third law, the force his feet exert on the ground is —F . 
EVALUATE: The force the ground exerts on him is about six times his weight. 
F 


50.6 m/s’. The acceleration is upward. 


=6.16,so F =6.16w. 


mg 


Figure 4.51 


IDENTIFY: Apply YF = ma to the hammer head. Use a constant acceleration equation to relate the motion to the 


acceleration. 
SET Up: Let +y be upward. 


EXECUTE: (a) The free-body diagram for the hammer head is sketched in Figure 4.52. 
(b) The acceleration of the hammer head is given by v = Vo +2a (y - y) with v, =0, v, =-3.2 m/s’ and 


Y — Yy =—0.0045 m . a, =v, /2(y — yy) = (3.2 m/s)’ /2(0.0045 cm) = 1.138 10° m/s’. The mass of the hammer 
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head is its weight divided by g, (4.9 N)/(9.80 m/s’) = 0.50 kg , and so the net force on the hammer head is 


(0.50 kg)(1.138x10° m/s’) =570 N. This is the sum of the forces on the hammer head: the upward force that the 
nail exerts, the downward weight and the downward 15-N force. The force that the nail exerts is then 590 N, and 
this must be the magnitude of the force that the hammer head exerts on the nail. 
(©) The distance the nail moves is 0.12 m, so the acceleration will be 4267 m/s’, and the net force on the hammer 
head will be 2133 N. The magnitude of the force that the nail exerts on the hammer head, and hence the magnitude 
of the force that the hammer head exerts on the nail, is 2153 N, or about 2200 N. 
EVALUATE: For the shorter stopping distance the acceleration has a larger magnitude and the force between the 
nail and hammer head is larger. 

z 


nail 


mg 


F han d 
Figure 4.52 


IDENTIFY: Apply XF = mä to some portion of the cable. 


SETUP: The free-body diagrams for the whole cable, the top half of the cable and the bottom half are sketched in 
Figure 4.53. The cable is at rest, so in each diagram the net force is zero. 

EXECUTE: (a) The net force on a point of the cable at the top is zero; the tension in the cable must be equal to the 
weight w. 

(b) The net force on the cable must be zero; the difference between the tensions at the top and bottom must be 
equal to the weight w, and with the result of part (a), there is no tension at the bottom. 

(c) The net force on the bottom half of the cable must be zero, and so the tension in the cable at the middle must be 
half the weight, w/2 . Equivalently, the net force on the upper half of the cable must be zero. From part (a) the 
tension at the top is w, the weight of the top half is w/2 and so the tension in the cable at the middle must 

be w—w/2=w/2. 

(d) A graph of 7 vs. distance will be a negatively sloped line. 

EVALUATE: The tension decreases linearly from a value of w at the top to zero at the bottom of the cable. 


T T 
Tm 
w/2 Ti 
top half 
w/2 
W a 
whole cable bottom half 
Figure 4.53 


IDENTIFY: Note that in this problem the mass of the rope is given, and that it is not negligible compared to the 
other masses. Apply DF =ma to each object to relate the forces to the acceleration. 
(a) SETUP: The free-body diagrams for each block and for the rope are given in Figure 4.54a. 
6.00 kg block rope 5.00 kg block 
y ti 
F. 


F = 200 N 
(applied force) 


T 


t T 
(6.00 kg block) 


h 


> 


(bottom of rope) 


x 
mg 
(earth) 


F 
t 


X 
mg 
J mg (earth) (5.00 kg block) 
(top of rope) ğ 


Figure 4.54a 
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T, is the tension at the top of the rope and 7, is the tension at the bottom of the rope. 


t 
EXECUTE: (b) Treat the rope and the two blocks together as a single object, with mass 
m=6.00 kg + 4.00 kg + 5.00 kg =15.0 kg. Take +y upward, since the acceleration is upward. The free-body 


diagram is given in Figure 4.54b. 


y 2 F, =ma, 


t a F -mg = ma 
k _F-mg 
x E m 
2 
| q- 200 N=(15.0 kgy(9.80 m/s*) 5 55 
mg 15.0 kg 
Figure 4.54b 


(c) Consider the forces on the top block (m = 6.00 kg), since the tension at the top of the rope (T,) will be one of 


these forces. 


F-mg-T, =ma 
T =F-m(g +a) 
T =200 N - (6.00 kg)(9.80 m/s? +3.53 m/s’) =120 N 


Figure 4.54c 


Alternatively, can consider the forces on the combined object rope plus bottom block (m = 9.00 kg): 


| $ a SE =ma, 


T T, -mg = ma 
& T, =m(g +a) =9.00 kg(9.80 m/s? +3.53 m/s”) =120 N, 
| which checks 
mg 
Figure 4.54d 


(d) One way to do this is to consider the forces on the top half of the rope (m = 2.00 kg). Let T, be the tension at 


the midpoint of the rope. 
Af 


a 
! EF, = ma, 
T, -T -mg =ma 
T,, =T, —m(g +a) =120 N -2.00 kg(9.80 m/s? +3.53 m/s?) =93.3 N 


Figure 4.54e 


To check this answer we can alternatively consider the forces on the bottom half of the rope plus the lower block 
taken together as a combined object (m = 2.00 kg +5.00 kg = 7.00 kg): 


t a DF, =ma, 
T -mg =ma 
4 T, =m(g +a) =7.00 kg(9.80 m/s? +3.53 m/s”) =93.3 N, 
| which checks 


mg 


Figure 4.54f 
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EVALUATE: The tension in the rope is not constant but increases from the bottom of the rope to the top. The 
tension at the top of the rope must accelerate the rope as well the 5.00-kg block. The tension at the top of the rope 
is less than F; there must be a net upward force on the 6.00-kg block. 


IDENTIFY: Apply DF = ma to the barbell and to the athlete. Use the motion of the barbell to calculate its 


acceleration. 
SET Up: Let +y be upward. 


EXECUTE: (a) The free-body diagrams for the baseball and for the athlete are sketched in Figure 4.55. 

(b) The athlete’s weight is mg = (90.0 kg)(9.80 m/s”) = 882 N . The upward acceleration of the barbell is found 

_ 2(Y— ya) _ 2(0.600 m) 
is (1.6 s)? 

by Fin — Waren = 4, . The barbell’s mass is (490 N)/(9.80 m/s”) = 50.0 kg, so 


Fin = Weave + Ma = 490 N + (50.0 kg)(0.469 m/s’) =490 N+ 23 N =513 N. 
— Fin — Wontete =9 + Foor = Fin tW, 


athlete floor lift athlete 


from y-y, =v, t+ta t.a, =0.469 m/s”. The force needed to lift the barbell is given 
V= Vo Oy 2“y y 8 


=513 N +882 N =1395 N. 


EVALUATE: Since the athlete pushes upward on the barbell with a force greater than its weight the barbell pushes 
down on him and the normal force on the athlete is greater than the total weight, 1362 N, of the athlete plus 
barbell. 


The athlete is not accelerating, so F, 


floor 


Barbell Athlete 


Fiif Foor 


Prin 
Wbarbell 
Wathlete 


Figure 4.55 


IDENTIFY: Apply SF = mä to the balloon and its passengers and cargo, both before and after objects are 


dropped overboard. 
SET Up: When the acceleration is downward take +y to be downward and when the acceleration is upward take 


+y to be upward. 

EXECUTE: (a) The free-body diagram for the descending balloon is given in Figure 4.56. 
L is the lift force. 

(b) F, =ma, gives Mg-L=M(g/3) and L=2Mg/3. 

(c) Now +y is upward, so L -mg =m(g/2), where m is the mass remaining. 
L=2Mg/3,s0 m=4M/9. Mass 5M/9 must be dropped overboard. 


EVALUATE: In part (b) the lift force is greater than the total weight and in part (c) the lift force is less than the 
total weight. 
| 


L k 


Mg 


Figure 4.56 
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IDENTIFY: Apply iF = mä to the entire chain and to each link. 
SETUP: m= mass of one link. Let +y be upward. 


EXECUTE: (a) The free-body diagrams are sketched in Figure 4.57. F is the force the top and middle links 


lop 
exert on each other. F iaae 18 the force the middle and bottom links exert on each other. 

(b) (i) The weight of each link is mg = (0.300 kg)(9.80 m/s’) = 2.94 N . Using the free-body diagram for the 
whole chain: 


Fasen — 3g _ 12 N -3(2.94 N) __3.18 N 


= =3.53 m/s? 
3m 0.900 kg 0.900 kg 


a= 


(ii) The top link also accelerates at 3.53 m/s”, 80 Fede -Fo mg =ma. 
F 


op = Fude —M(g +a) =12 N -— (0.300 kg)(9.80 m/s* +3.53 m/s*) =8.0 N . 
EVALUATE: The force exerted by the middle link on the bottom link is given by F iaae — mg = ma and 


F iaae = Mg +a) = 4.0 N . We can verify that with our results XF, = ma, is satisfied for the middle link. 


mi 
F student Fiop F middle 


F 


student 
t a 
a 
t t a } a 


mg 
mg 


F 


middle 


3mg 
whole chain top link middle link bottom link 
Figure 4.57 


IDENTIFY: Calculate @ from &=d’°F/dt . Then F, =mā. 

SETUP: w=mg 

EXECUTE: Differentiating twice, the acceleration of the helicopter as a function of time is 

ā = (0.120 m/s*)ti —(0.12 m/s*)k andat t =5.0s, the acceleration is @ = (0.60 m/s”)i — (0.12 m/s”)k . 


The force is then 


Fema’ gee’ YF (.60 m/s?)i —(0.12 m/s?)k | =(1.7x10* N)i —(3.4x10° N)k 
g (9.80 m/s*) 
EVALUATE: The force and acceleration are in the same direction. They are both time dependent. 
d°x 
dt ` 


IDENTIFY: F, =ma, and a, = 


SET Up: 4 py =nt"* 
dt 


EXECUTE: The velocity as a function of time is v,(t) = 4- 3Bt° and the acceleration as a function of time is 
a,(t)=—6Bt , and so the force as a function of time is F (t) =ma(t) =—6mBt . 
EVALUATE: Since the acceleration is along the x-axis, the force is along the x-axis. 


= t 
IDENTIFY: a=F/m. v= +f a dt. 


SETUP: v, =0 since the object is initially at rest. 


EXECUTE: yv(t)= l [F dt = : (nitt rj). 
mo m 4 


EVALUATE: F has both x and y components, so # develops x and y components. 
IDENTIFY: Follow the steps specified in the problem. 


SETUP: The chain rule for differentiating says BY aa ee 


= =—y). 
dt dxdt dx 
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4.62. 


; ; dv : k n 
EXECUTE: (a) The equation of motion, —Cv” =m— cannot be integrated with respect to time, as the unknown 
q P7 g p 


: ; ¢ ; ; ; ; C dv 
function v(t) is part of the integrand. The equation must be separated before integration; that is, -—dt =— and 
m v 
Ct 1 1 
m vvn 


0 
where v, is the constant of integration that gives v =v, at t =0 . Note that this form shows that if v, =0, there is 


1 
; ; : ; dx 1 Ct 
no motion. This expression may be rewritten as v = a =|—+— | , 
t 


which may be integrated to obtain x — x, = A In i ; Ctvy | 
m 


To obtain x as a function of v, the time ¢ must be eliminated in favor of v; from the expression obtained after the 


first integration, cmi 4 ,80 X-X) = w in( * } 
m v C v 
. : dv dv ; ; : 
(b) Applying the chain rule, XF = m = mY . Using the given expression for the net force, 
t X 


X m v v 


-Cy -fv ae See = a . Integrating gives Oe X) = nf s | and x- x, = £ in( 72 
m Vo C 


EVALUATE: IfC is positive, our expression for v(t) shows it decreases from its value of v, . As v decreases, so 
does the acceleration and therefore the rate of decrease of v. 


t t 
IDENTIFY: x= Í, v dt and v, = Í, a,dt , and similar equations apply to the y-component. 


SET Up: In this situation, the x-component of force depends explicitly on the y-component of position. As the y- 
component of force is given as an explicit function of time, v, and y can be found as functions of time and used in 


the expression for a(t). 


EXECUTE: a, =(k,/m)t, so v, =(k,/2m)t? and y =(k,/6m)t* , where the initial conditions v,, =0, y, =0 have 
y 3 y 3 Jy 3 Oy Yo 


been used. Then, the expressions for a,,v, and x are obtained as functions of time: a, = Ey Li t, 
m m 
v, zip Hra maya iy pihy ; 
m 24m 2m 120m 
In vector form, F = 4p galley i+ ‘sp j and ¥= Epy thg i+ sp j. 
2m 120m 6m m 24m 2m 


EVALUATE: 4a, depends on time because it depends on y, and y is a function of time. 


APPLYING NEWTON’S LAWS 


5.1. 


5.2. 


5.3. 


IDENTIFY: a=0 for each object. Apply XF, = ma, to each weight and to the pulley. 


SETUP: Take +y upward. The pulley has negligible mass. Let T, be the tension in the rope and let T, be the 


tension in the chain. 
EXECUTE: (a) The free-body diagram for each weight is the same and is given in Figure 5. 1a. 


JF, = ma, gives T,=w=25.0N. 
(b) The free-body diagram for the pulley is given in Figure 5.1b. T, = 2T, = 50.0 N. 


EVALUATE: The tension is the same at all points along the rope. 
y y 


w = 25.0N T; F, 
Figure 5.1a, b 


IDENTIFY: Apply XF = mä to each weight. 

SET Up: Two forces act on each mass: w down and T(= w) up. 

EXECUTE: In all cases, each string is supporting a weight w against gravity, and the tension in each string is w. 
EVALUATE: The tension is the same in all three cases. 

IDENTIFY: Both objects are at rest and a=0. Apply Newton’s first law to the appropriate object. The maximum 
tension Ta is at the top of the chain and the minimum tension is at the bottom of the chain. 

SET Up: Let +y be upward. For the maximum tension take the object to be the chain plus the ball. For the 


minimum tension take the object to be the ball. For the tension T three-fourths of the way up from the bottom of 
the chain, take the chain below this point plus the ball to be the object. The free-body diagrams in each of these 
three cases are sketched in Figures 5.3a, 5.3b and 5.3c. m,,, = 75.0 kg +26.0 kg =101.0 kg. m, =75.0 kg . m is 


the mass of three-fourths of the chain: m =3(26.0 kg) =19.5 kg . 

EXECUTE: (a) From Figure 5.3a, > F, =0 gives T ax —m,..g =0 and T = (101.0 kg)(9.80 m/s’) =990 N . 
From Figure 5.3b, XF, =0 gives Ta » = (75.0 kg)(9.80 m/s’) =735 N. 

(b) From Figure 5.3c, Pe =0 gives T—(m+m,)g =Oand T =(19.5 kg +75.0 kg)(9.80 m/s”) =926 N . 


—m,g =Oand T, 


in 
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EVALUATE: The tension in the chain increases linearly from the bottom to the top of the chain. 
x y y 


T 


max min 


Wh+c = Mp+e 8 Wh = Mp g w=(m + m)g 


Figure 5.3a—c 


5.4. IDENTIFY: Apply Newton’s Ist law to the person. Each half of the rope exerts a force on him, directed along the 
rope and equal to the tension T in the rope. 


SET Up: (a) The force diagram for the person is given in Figure 5.4 


T, and T, are the 


tensions in each half of 
the rope. 


w =mg 


Figure 5.4 
EXECUTE: ))F,=0 
T, cos 6 -T cos =0 
This says that 7, = 7, =T (The tension is the same on both sides of the person.) 
Zz =0 
T,sin@ + T,sin@ -mg =0 
But T, =T, =T, so 2Tsinĝ =mg 


mg _ (90.0 kg)(9.80 m/s) 


== s =2540 N 
2sin@ 2sin10.0° 


(b) The relation 27 sin @ =mg still applies but now we are given that T =2.50x10* N (the breaking strength) and 
are asked to find 0. 


mg _ (90.0 kg)(9.80 m/s’) 
2T 2(2.50x104 N) 


EVALUATE: T =mg/(2sin@) says that T=mg/2 when 0 =90° (rope is vertical). 


sin 0 = =0.01764, @=1.01°. 


T => œ when @- 0 since the upward component of the tension becomes a smaller fraction of the tension. 

5.5. IDENTIFY: Apply YF = mä to the frame. 
SET Up: Let w be the weight of the frame. Since the two wires make the same angle with the vertical, the tension 
is the same in each wire. T =0.75w. 
EXECUTE: The vertical component of the force due to the tension in each wire must be half of the weight, and 
this in turn is the tension multiplied by the cosine of the angle each wire makes with the vertical. ir 60s 
and @=arccos? = 48°. 
EVALUATE: If 0=0°, T=w/2and Tas 0->90°. Therefore, there must be an angle where T =3w/4. 
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5.6. IDENTIFY: Apply Newton’s Ist law to the car. The forces are the same as in Example 5.5. 
SETUP: The free-body diagram is sketched in Figure 5.6. 
A d 


a=0 


n cosa 


EXECUTE: 
DF. =ma, 
T cosa —nsina =0 
T cosa =nsina 
: DF, =ma, 


a sina | T cosa neosa+Tsina—w=0 
w 


T sina 


ncosa+Tsina=w 


Figure 5.6 


ht cosa 
The first equation gives n =T| — ; 
sin & 


Use this in the second equation to eliminate n: 


cosa ; 
T— cos& +T singa =w 
sing 


Multiply this equation by sina: 
T(cos’@+sin’ æ) =wsina 


. . 2 + 2 
T =wsing (since cos’ @+sin a =1). 


cosa . cosa 
Then n=T| — =wsina| — =Wwceosa. 
sina sina 


EVALUATE: These results are the same as obtained in Example 5.5. The choice of coordinate axes is up to us. 


Some choices may make the calculation easier, but the results are the same for any choice of axes. 
5.7. IDENTIFY: Apply XF = mä to the car. 


SETUP: Use coordinates with +x parallel to the surface of the street. 
EXECUTE: XF, =0 gives T=wsina. F = mg sin = (1390 kg)(9.80 m/s°)sin17.5° =4.10x10°N. 


EVALUATE: The force required is less than the weight of the car by the factor sina. 
5.8. IDENTIFY: Apply Newton’s Ist law to the wrecking ball. Each cable exerts a force on the ball, directed along the 
cable. 


SETUP: The force diagram for the wrecking ball is sketched in Figure 5.8. 


i O 
Ts cos 40 


B 


T sin 40° 
mg 
Figure 5.8 
EXECUTE: 
(a) EF, =ma, 
T, cos40° -mg =0 
mg (4090 kg)(9.80 m/s”) 

cos40° 7 cos 40° 
(b) XF, =ma, 
T, sin40°—T, =0 
T, =T, sin 40° = 3.36 x10" N 
EVALUATE: Ifthe angle 40° is replaces by 0° (cable B is vertical), then T, =mg and T, =0. 


=5.23x10* N 
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5.9. 


5.10. 


5.11. 


IDENTIFY: Apply iF = mä to the object and to the knot where the cords are joined. 
SET Up: Let +y be upward and +x be to the right. 
EXECUTE: (a) T, =w, T, sin30°+T7,sin45°=T, =w, and T,cos30°—T, cos45° =0. Since sin45° = cos 45°, 


adding the last two equations gives 7',(cos30°+sin30°)=w, and so T, = E =0.732w. Then, 


pap N 8T 
cos45 


(b) Similar to part (a), T, =w, —T,cos60°+ T,sin45° = w, and T, sin 60° — T, cos45° = 0. 
Adding these two equations, T, = =Y =2.73w, and T; =T, et =3.35w. 
(sin 60° — cos 60°) cos45° 


EVALUATE: In part (a), T, +T, > w since only the vertical components of T, and T, hold the object against 


gravity. In part (b), since T, has a downward component T, is greater than w. 


IDENTIFY: Apply Newton’s first law to the car. 

SETUP: Use x and y coordinates that are parallel and perpendicular to the ramp. 

EXECUTE: (a) The free-body diagram for the car is given in Figure 5.10. The vertical weight w and the tension T 
in the cable have each been replaced by their x and y components. 


SELERA = (1130 kg)(9.80 mjs n =5460 N. 
31.0 cos31.0 


(b) XF, =0 gives Tcos31.0°-— wsin25.0° =0 and T =w 
cos 


(c) oe =0 gives n+T7sin31.0° —wcos25.0° = 0 and 
n = wcos25.0° — T sin 31.0° = (1130 kg)(9.80 m/s”) cos 25.0° — (5460 N)sin31.0° = 7220 N 


EVALUATE: We could also use coordinates that are horizontal and vertical and would obtain the same values of n 
and T. 


T sin 31.0° 
T cos 31.0° 


w sin 25.0° 


w cos 25.0° 


Figure 5.10 
IDENTIFY: Since the velocity is constant, apply Newton’s first law to the piano. The push applied by the man 
must oppose the component of gravity down the incline. 


SETUP: The free-body diagrams for the two cases are shown in Figures 5.1la and b. F is the force applied by 
the man. Use the coordinates shown in the figure. 


EXECUTE: (a) F, =0 gives F —wsin11.0°=0and F = (180 kg)(9.80 m/s*)sin11.0° =337 N.. 


w 


b F =Ogives ncos11.0°—w=0 and n =——— 
() 2 oo cos11.0° 


. È F, =0 gives F —nsin11.0°=0 and 


F= [—* int 1.0° = wtan11.0°= 343 N. 
cos11.0 
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EVALUATE: A slightly greater force is required when the man pushes parallel to the floor. If the slope angle of 
the incline were larger, sin œ and tan œ would differ more and there would be more difference in the force needed 
in each case. 

y y 


ncos 11.0° 


a 
w sin 11.0° eee nsin 11° 


w cos 11.0° 


pushes parallel to incline pushes parallel to floor 


Figure 5.11a, b 


5.12. IDENTIFY: Apply Newton’s 1st law to the hanging weight and to each knot. The tension force at each end of a 
string is the same. 
(a) Let the tensions in the three strings be T, T’, and T", as shown in Figure 5.1 2a. 


Figure 5.12a 


SETUP: The free-body diagram for the block is given in Figure 5.12b. 
y 


j EXECUTE: 
TA =0 
i T'-w=0 

li T' =w=60.0N 


Figure 5.12b 


SETUP: The free-body diagram for the lower knot is given in Figure 5.12c. 


y 


EXECUTE: 
YF =0 
Tsin45°-T'=0 

T' 60.0 N 


=84.9 N 


~ sin45°  sin45° 


Figure 5.12c 
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(b) Apply DF =0 to the force diagram for the lower knot: 


DF. = 0 

F, =T cos45° = (84.9 N)cos45° = 60.0 N 

SETUP: The free-body diagram for the upper knot is given in Figure 5.12d. 
y 


j EXECUTE: 


T YF, =0 


T cos 45° A Tcos45°-F =0 
gr F, = (84.9 N)cos45° 
i F =60.0 N 


Tsin 45°t - - - T 
Figure 5.12d 


Note that F = F,. 

EVALUATE: Applying Da a =0 to the upper knot gives T” = T sin45° = 60.0 N = w. If we treat the whole 
system as a single object, the force diagram is given in Figure 5.12e. 

DF. =0 gives F, = F, which checks 

XF, =0 gives T” =w, which checks 


Figure 5.12e 


5.13. IDENTIFY: Apply Newton’s first law to the ball. The force of the wall on the ball and the force of the ball on the 
wall are related by Newton’s third law. 


SETUP: The forces on the ball are its weight, the tension in the wire, and the normal force applied by the wall. 


To calculate the angle ¢ that the wire makes with the wall, use Figure 5.13a. sing = 10a 


and ¢ = 20.35° 
cm 


EXECUTE: (a) The free-body diagram is shown in Figure 5.13b. Use the x and y coordinates shown in the figure. 


2 
XF, =0 gives Tcosø-w=0and T = a LP e EALA 
i cos ¢ cos 20.35° 


(b) SE, =0 gives Tsing—n=0. n=(470 N)sin20.35° =163 N . By Newton’s third law, the force the ball 
exerts on the wall is 163 N, directed to the right. 


=470N 


w 
EVALUATE: n= | 


Jing = wtanģ¢ . As the angle ¢ decreases (by increasing the length of the wire), T 
cos 


decreases and n decreases. 


T cos œ 


30 cm |b T sin œ 


Figure 5.13a, b 
5.14. IDENTIFY: Apply X. F =mä to each block. a=0. 


SETUP: Take +y perpendicular to the incline and +x parallel to the incline. 
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5.15. 


5.16. 


EXECUTE: The free-body diagrams for each block, A and B, are given in Figure 5.14. 

(a) For B, bys =ma, gives T,—wsina =0 and T =wsina. 

(b) For block 4, XF, =ma, gives T,-T,-wsina=0 and T, =2wsina. 

(c) > F, =ma, for each block gives n, =n, =wcosa@. 

(d) For a> 0, T, =T, >0 and n, =n, > w. For a> 90°, T =w, T, =2w and n, =n, =0. 


EVALUATE: The two tensions are different but the two normal forces are the same. 
y y 


wsina ge | \ wsina g 
‘ . ‘ 
\ 


\ | \ 
\ \ weoosa \ \ weosa 


Figure 5.14a, b 


IDENTIFY: Apply Newton’s first law to the ball. Treat the ball as a particle. 

SETUP: The forces on the ball are gravity, the tension in the wire and the normal force exerted by the surface. 
The normal force is perpendicular to the surface of the ramp. Use x and y axes that are horizontal and vertical. 
EXECUTE: (a) The free-body diagram for the ball is given in Figure 5.15. The normal force has been replaced by 
its x and y components. 


(b) >, = 0 gives ncos35.0°—w=0and n= aT =1.22mg . 

(c) XF, =0 gives T —nsin35.0° =0and T =(1.22mg)sin35.0° = 0.700mg . 

EVALUATE: Note that the normal force is greater than the weight, and increases without limit as the angle of the 
ramp increases towards 90° . The tension in the wire is wtanø, where ¢ is the angle of the ramp and T also 
increases without limit as ø > 90°. 


n cos 35° 


n sin 35 


Figure 5.15 


IDENTIFY: Apply Newton’s second law to the rocket plus its contents and to the power supply. Both the rocket 
and the power supply have the same acceleration. 

SETUP: The free-body diagrams for the rocket and for the power supply are given in Figures 5.16a and b. Since 
the highest altitude of the rocket is 120 m, it is near to the surface of the earth and there is a downward gravity 
force on each object. Let +y be upward, since that is the direction of the acceleration. The power supply has 


mass m,, = (15.5 N)/(9.80 m/s’) =1.58 kg 
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5.17. 


5.18. 


EXECUTE: (a) XF, = ma, applied to the rocket gives F -m,g =m,a . 


P ime 1720 N - (125 kg)(9.80 m/s’) 
m 125 kg 


T 


=3.96 m/s’. 


(b) Si = ma, applied to the power supply gives n—m,.g =m,,a . 
n=m,,(g +a) = (1.58 kg)(9.80 m/s” +3.96 m/s”) =21.7N. 


EVALUATE: The acceleration is constant while the thrust is constant and the normal force is constant while the 
acceleration is constant. The altitude of 120 m is not used in the calculation. 


Mp8 
Figure 5.16a, b 
IDENTIFY: Use the kinematic information to find the acceleration of the capsule and the stopping time. Use 


Newton’s second law to find the force F that the ground exerted on the capsule during the crash. 
SETUP: Let +y be upward. 311 km/h =86.4 m/s . The free-body diagram for the capsule is given in 


Figure 15.17. 

EXECUTE: y-—y,=—0.810m , v 

_ vi =v _ O-(-86.4 m/s} 
2(y—y,)  2(—0.810) m 

(b) ye F. = ma, applied to the capsule gives F -mg = ma and 

F =m(g +a) = (210 kg)(9.80 m/s? +4610 m/s”) =9.70x10° N = 471w. 


V, +V, . 2(y- 2(—0.810 
© y-y) =| “2 [t gives t= (y= Yo) __2 a) = 0.0187 s 
2 Wp +y, 86.4 m/s” +0 
EVALUATE: The upward force exerted by the ground is much larger than the weight of the capsule and stops the 
capsule in a short amount of time. After the capsule has come to rest, the ground still exerts a force mg on the 
capsule, but the large 9.00 x10° N force is exerted only for 0.0187 s. 


y 


» =—86.4 ms, v, =0. v? =v, +2a,(y- y) gives 


=4610 m/s’ = 470g. 


y 


mg 


Figure 5.17 


IDENTIFY: Apply Newton’s second law to the three sleds taken together as a composite object and to each 
individual sled. All three sleds have the same horizontal acceleration a. 

SETUP: The free-body diagram for the three sleds taken as a composite object is given in Figure 5.18a and for 
each individual sled in Figure 5.18b-d. Let +x be to the right, in the direction of the acceleration. m,,, = 60.0 kg . 


EXECUTE: (a) XF, = ma, for the three sleds as a composite object gives P = m „a and 
_ P _ 125N 
60.0 kg 


=— =2.08 m/s’. 
m 


tot 
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(b) XF, = ma, applied to the 10.0 kg sled gives P- T, = ma and 

T, =P-m a =125 N - (10.0 kg)(2.08 m/s’) =104 N. XF, = ma, applied to the 30.0 kg sled gives 

T, = m,a = (30.0 kg)(2.08 m/s*) =62.4 N. 

EVALUATE: Ifwe apply XF, = ma, to the 20.0 kg sled and calculate a from T, and T, found in part (b), we get 
T,-T, _ 104 N -62.4 N 


T,-T,=m,a@.a= 
ae Fe or Myy 20.0 kg 


= 2.08 m/s’, which agrees with the value we calculated in part (a). 


M308 
10.0 kg sled 20.0 kg sled 30.0 kg sled 


Figure 5.18a—d 


IDENTIFY: Apply YF =ma to the load of bricks and to the counterweight. The tension is the same at each end 


of the rope. The rope pulls up with the same force (T) on the bricks and on the counterweight. The counterweight 


accelerates downward and the bricks accelerate upward; these accelerations have the same magnitude. 
(a) SETUP: The free-body diagrams for the bricks and counterweight are given in Figure 5.19. 


m, g mg 


bricks counterw eight 
Figure 5.19 


(b) EXECUTE: Apply XF, =ma, to each object. The acceleration magnitude is the same for the two objects. 
For the bricks take +y to be upward since a for the bricks is upward. For the counterweight take +y to be 
downward since a is downward. 
bricks: ya =ma, 
T-mg=ma 
counterweight: XF, =ma, 
m,g -T =m,a 
Add these two equations to eliminate T: 
(m, —m,)g =(m, +m,)a 


a =| 722 |, =| 28.0 kg -15.0 kg |g 80 m/s?) =2.96 m/e? 
m, +m, 15.0 kg +28.0 kg 


(c) T-mg=ma gives T =m (a+ g) = (15.0 kg)(2.96 m/s? +9.80 m/s?) =191 N 
As a check, calculate T using the other equation. 
m,g -T =m,a gives T =m,(g —a) =28.0 kg(9.80 m/s? —2.96 m/s’) =191 N, which checks. 
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5.20. 


5.21. 


EVALUATE: The tension is 1.30 times the weight of the bricks; this causes the bricks to accelerate upward. The 

tension is 0.696 times the weight of the counterweight; this causes the counterweight to accelerate downward. If 

m,=m,, a=0 and T=m,g =m,g. In this special case the objects don’t move. If m,=0, a=g and T =0; in 

this special case the counterweight is in free-fall. Our general result is correct in these two special cases. 

IDENTIFY: In part (a) use the kinematic information and the constant acceleration equations to calculate the 

acceleration of the ice. Then apply SF = mä . In part (b) use iF = mä to find the acceleration and use this in 

the constant acceleration equations to find the final speed. 

SETUP: Figures 5.20a and b give the free-body diagrams for the ice both with and without friction. Let +x be 

directed down the ramp, so +y is perpendicular to the ramp surface. Let ¢ be the angle between the ramp and the 

horizontal. The gravity force has been replaced by its x and y components. 

EXECUTE: (a) x—x, =1.50m, y, =0, v, =2.50 m/s. v? =v, + 2a,(x-x,) gives 

Pan vi Vos _ (2.50 m/s)’ -0 
* Ux- x) 2(1.50 m) 

ġ=12.3°. 

(b) SE, =ma, gives mg sing — f = ma and 

qué sing- f E (8.00 kg)(9.80 m/s°)sin12.3° —10.0 N 

m 8.00 kg 


Then x-x,=1.50m, v, =0, a, =0.838 m/s’ and v? =v, + 2a,(x -— x) gives 


2 
= 2.08 m/s’. XF, =ma, gives mg sin ģ = ma and igesa C : 
i : g 9.80 m/s 


=0.838 m/s’. 


v, = [2a (x= x,) = J2(0.838 m/s?)(1.50 m) =1.59 m/s 


EVALUATE: With friction present the speed at the bottom of the ramp is less. 
y y 


x \ 


is 


mg sind 


mg cos 


mg - mgt- 


Figure 5.20a, b 


IDENTIFY: Apply XF = mä to each block. Each block has the same magnitude of acceleration a. 


SETUP: Assume the pulley is to the right of the 4.00 kg block. There is no friction force on the 4.00 kg block, 
the only force on it is the tension in the rope. The 4.00 kg block therefore accelerates to the right and the suspended 
block accelerates downward. Let +x be to the right for the 4.00 kg block, so for it a, =a , and let +y be 
downward for the suspended block, so for it a, =a. 
EXECUTE: (a) The free-body diagrams for each block are given in Figures 5.21a and b. 

T  _ 10.0N 
4.00 kg 4.00 kg 


=2.50 m/s’. 


(b) SE, = ma, applied to the 4.00 kg block gives T = (4.00 kg)a and a= 


(c) DF, = ma, applied to the suspended block gives mg -T = ma and 
T 10.0N 

g-a 9.80 m/s? —2.50 m/s? 

(d) The weight of the hanging block is mg = (1.37 kg)(9.80 m/s?) =13.4 N . This is greater than the tension in the 

rope; T =0.75mg . 


m= 


=1.37 kg. 
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EVALUATE: Since the hanging block accelerates downward, the net force on this block must be downward and 
the weight of the hanging block must be greater than the tension in the rope. Note that the blocks accelerate no 
matter how small m is. It is not necessary to have m > 4.00 kg, and in fact in this problem m is less than 4.00 kg. 


mg 


Figure 5.21a, b 


5.22. IDENTIFY: (a) Consider both gliders together as a single object, apply XF = mä , and solve for a. Use a in a 
constant acceleration equation to find the required runway length. 
(b) Apply XF =ma to the second glider and solve for the tension T, in the towrope that connects the two 
gliders. 
SET Up: In part (a), set the tension T, in the towrope between the plane and the first glider equal to its maximum 
value, T,=12,000N . 
EXECUTE: (a) The free-body diagram for both gliders as a single object of mass 2m =1400 kg is given in Figure 
T,-2f _ 12,000 N—5000N _ 
2m 1400 kg 


5.22a. XF, =ma, gives T, -2f =(2m)a and a= 5.00 m/s” . Then 


2 2 
v — Vox 


a, =5.00 m/s”, v, =0 and v, =40 m/s in v? =v, + 2a,(x-x,) gives (x-x,)= 3 =160m. 
a 


(b) The free-body diagram for the second glider is given in Figure 5.22b. 
XF, =ma, gives T,— f =ma and T = f + ma = 2500 N + (700 kg)(5.00 m/s’) = 6000 N. 


EVALUATE: We can verify that ya = ma, is also satisfied for the first glider. 


Mot 


2mg 2mg 


Figure 5.22a, b 


5.23. IDENTIFY: The maximum tension in the chain is at the top of the chain. Apply SF = mä to the composite 


object of chain and boulder. Use the constant acceleration kinematic equations to relate the acceleration to the time. 
SET Up: Let +y be upward. The free-body diagram for the composite object is given in Figure 5.23. 


T= 2.50 Werain » Moa = M chain + Mooulder = 1325 kg f 


tot 


EXECUTE: (a) XF, = ma, gives T—m,.g=M,a. a= 


T M8 = 2.50M haing — Mog = 2.50 Morain 1 
m m > 


tot tot 


a =| 20157 kgl _1 |(9.80 m/s?) =0.832 mis’. 
1325 kg 
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(b) Assume the acceleration has its maximum value: a, = 0.832 m/s’, y— y, =125 mand Vy, =0. 


2(y=Yo) _ | 2025m) _ 173, 
a 0.832 m/s? 


ae 
Y- Yo =Voyt +34, gives t -| 


EVALUATE: The tension in the chain is T =1.41x10* N and the total weight is 1.30x10* N . The upward force 
exceeds the downward force and the acceleration is upward. 


Mink 


Figure 5.23 


5.24. IDENTIFY: Apply YF = mä to the composite object of elevator plus student (m,,, = 850 kg ) and also to the 


student ( w = 550 N ). The elevator and the student have the same acceleration. 

SET Up: Let +y be upward. The free-body diagrams for the composite object and for the student are given in 
Figure 5.24a and b. T is the tension in the cable and n is the scale reading, the normal force the scale exerts on the 
student. The mass of the student is m= w/g =56.1 kg. 

EXECUTE: (a) SF, = ma, applied to the student gives n—mg =ma,,. 


a stan: _ 450 N-S50N _ 


1.78 m/s? . The elevator has a downward acceleration of 1.78 m/s”. 


k m 56.1 kg 
(b) a, _ 670 N-550N_ 2.14 m/s’. 
; 56.1 kg 


(c) n=0 means a, =-g . The student should worry; the elevator is in free-fall. 


(d) XF, = ma, applied to the composite object gives T -m „8g = Ma4. T =m,,,(a, +g). In part (a), 


tot 
T = (850 kg)(-1.78 m/s* +9.80 m/s”) =6820 N . In part (c), a, =-g and T=0. 
EVALUATE: In part (b), T = (850 kg)(2.14 m/s? +9.80 m/s’) =10,150 N . The weight of the composite object is 


8330 N. When the acceleration is upward the tension is greater than the weight and when the acceleration is 
downward the tension is less than the weight. 


Mog mg 


Figure 5.24a, b 


5.25. IDENTIFY: Apply XF = mä to the puck. Use the information about the motion to calculate the acceleration. The 


table must slope downward to the right. 
SETUP: Let a be the angle between the table surface and the horizontal. Let the + x -axis be to the right and 
parallel to the surface of the table. 


EXECUTE: XF, =ma, gives mgsina = ma, . The time of travel for the puck is L/v, , where L =1.75 m and 


2x 2xw ‘ 2xve 
Vy =3.80 m/s . x- xX) =v, t + ta t gives a, == , where x=0.0250 m. sing =& = aa : 
y i © t L g gL 
s 2 
a = arosin| 202:50%107m)(3.80 m/s)” |_| 3go. 


(9.80 m/s°)(1.75 m)? 
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5.26. 


5.27. 


5.28. 


EVALUATE: The table is level in the direction along its length, since the velocity in that direction is constant. The 
angle of slope to the right is small, so the acceleration and deflection in that direction are small. 


dv, 3 
IDENTIFY: Acceleration and velocity are related by a, = = . Apply >) F =ma to the rocket. 
y ya, di p 


SETUP: Let +y be upward. The free-body diagram for the rocket is sketched in Figure 5.26. F is the thrust 
force. 
EXECUTE: (a) v, =4t+Bť . a, =A+2Bt.At t=0, a, =1.50 m/s’so A=1.50 m/s’. Then v, =2.00 m/sat 


t =1.00 s gives 2.00 m/s = (1.50 m/s?°)(1.00 s) + B(1.00 s)? and B =0.50 m/s’. 
(b) At ż=4.00 s, a, =1.50 m/s’ +2(0.50 m/s*)(4.00 s) =5.50 m/s’. 

(c) XF, = ma, applied to the rocket gives T — mg = ma and 

T = m(a + g) = (2540 kg)(9.80 m/s? +5.50 m/s’) =3.89x10f N. T =1.56w. 
(d) When a =1.50 m/s’ , T = (2540 kg)(9.80 m/s? +1.50 m/s”) = 2.87 x104 N 


EVALUATE: During the time interval when v(t) = At + Bt’ applies the magnitude of the acceleration is increasing, 
8 pp g 8 


fe 


and the thrust is increasing. 


mg 
Figure 5.26 


IDENTIFY: Consider the forces in each case. There is the force of gravity and the forces from objects that touch 
the object in question. 

SETUP: A surface exerts a normal force perpendicular to the surface, and a friction force, parallel to the surface. 
EXECUTE: The free-body diagrams are sketched in Figure 5.27a-c. 

EVALUATE: Friction opposes relative motion between the two surfaces. When one surface is stationary the 
friction force on the other surface is directed opposite to its motion. 


n n 5 
i ; f w 


Figure 5.27a—c 


IDENTIFY: f< nand f, =n. The normal force n is determined by applying XF = mä to the block. 


Normally, 4 < 44. f, is only as large as it needs to be to prevent relative motion between the two surfaces. 
SET Up: Since the table is horizontal, with only the block present n =135 N . With the brick on the 
block, n=270N. 

EXECUTE: (a) The friction is static for P =0to P =75.0 N . The friction is kinetic for P>75.0N. 

(b) The maximum value of f,is 4n . From the graph the maximum f, is f, =75.0 N , so 


max f. 75.0N f 3 fe 50.0 N 
= SÆ =0.556. f = . From the graph, f, =50.0 N and === 
So BSN A = hn graph, fy MS TIIN 


(c) When the block is moving the friction is kinetic and has the constant value f, = 44n , independent of P. This is 


=0.370. 


why the graph is horizontal for P > 75.0 N . When the block is at rest, f, = P since this prevents relative motion. 
This is why the graph for P < 75.0 N has slope +1. 
(d) max f, and f, would double. The values of fon the vertical axis would double but the shape of the graph 


would be unchanged. 
EVALUATE: The coefficients of friction are independent of the normal force. 
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5.29. 


5.30. 


(a) IDENTIFY: Constant speed implies a=0. Apply Newton’s 1st law to the box. The friction force is directed 
opposite to the motion of the box. 


SETUP: Consider the free-body diagram for the box, given in Figure 5.29a. Let F be the horizontal force 
applied by the worker. The friction is kinetic friction since the box is sliding along the surface. 


EXECUTE: 


Figure 5.29a 


F = f, = umg =(0.20)(11.2 kg)(9.80 m/s’) = 22 N 
(b) IDENTIFY: Now the only horizontal force on the box is the kinetic friction force. Apply Newton’s 2nd law to 
the box to calculate its acceleration. Once we have the acceleration, we can find the distance using a constant 
acceleration equation. The friction force is f, = 44mg, just as in part (a). 
SET Up: The free-body diagram is sketched in Figure 5.29b. 

+5 


EXECUTE: 
n XF, =ma, 
fk : -umg = ma, 
B a, = -44g = —(0.20)(9.80 m/s”) = —1.96 m/s” 
Figure 5.29b 


Use the constant acceleration equations to find the distance the box travels: 
v, =0, v, =3.50 m/s, a, =-1.96 m/s’, x-x, =? 


2 
V= 


Voy + 2a.(x —Xy) 


v? =v, _ 0-(3.50 m/s)? _ 


x-X,=- = 3.1m 


° 2a, -2(-1.96 m/s?) `` 
EVALUATE: The normal force is the component of force exerted by a surface perpendicular to the surface. Its 


magnitude is determined by DF =mä. In this case n and mg are the only vertical forces and a, =0, so n= mg. 
Also note that f, and n are proportional in magnitude but perpendicular in direction. 
IDENTIFY: Apply È, F = mä to the box. 


SETUP: Since the only vertical forces are n and w, the normal force on the box equals its weight. Static friction 
is as large as it needs to be to prevent relative motion between the box and the surface, up to its maximum possible 


max 


value of f."" = un . If the box is sliding then the friction force is f, = 44n. 

EXECUTE: (a) If there is no applied force, no friction force is needed to keep the box at rest. 

(b) f°" = un =(0.40)(40.0 N) =16.0 N . Ifa horizontal force of 6.0 N is applied to the box, then f, =6.0N in 
the opposite direction. 

(c) The monkey must apply a force equal to f."" , 16.0 N. 

(d) Once the box has started moving, a force equal to f, = 44n =8.0 N is required to keep it moving at constant 
velocity. 

EVALUATE: 44, < 4, and less force must be applied to the box to maintain its motion than to start it moving. 
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5.31. 


5.32. 


5.33. 


IDENTIFY: Apply iF = mä to the crate. f, < unand fy = 44n. 
SETUP: Let +y be upward and let +x be in the direction of the push. Since the floor is horizontal and the push 
is horizontal, the normal force equals the weight of the crate: n = mg = 441 N . The force it takes to start the crate 
moving equals max f, and the force required to keep it moving equals fy 
313 N ; 208 N 

EXECUTE: max f. =313N,so u, =———=0.710. = 208 N, so — 

I ATIN fe GAIN 
(b) The friction is kinetic. DF. =ma, gives F — f, =maand F = f, +ma=208 + (45.0 kg)(1.10 m/s’) =258N. 
(c) (i) The normal force now is mg = 72.9 N . To cause it to move, F = max f, = un =(0.710)(72.9 N)=51.8 N. 
diy Poe F = fx _ 258 N - (0.472)(72.9 N) 

m 45.0 kg 


EVALUATE: The kinetic friction force is independent of the speed of the object. On the moon, the mass of the 
crate is the same as on earth, but the weight and normal force are less. 


IDENTIFY: Apply SF = ma to the box and calculate the normal and friction forces. The coefficient of kinetic 
fe 

n 

SET Up: Let +x be in the direction of motion. a, =—0.90 m/s’. The box has mass 8.67 kg. 


= 0.472. 


= 4.97 m/s? 


friction is the ratio 


EXECUTE: The normal force has magnitude 85 N +25 N=110N. The friction force, from F} — fọ =ma is 


28 N 
f, =F —ma =20 N- (8.67 kg)(-0.90 m/s’) =28 N. u, = a =0.25. 

EVALUATE: The normal force is greater than the weight of the box, because of the downward component of the 
push force. 

IDENTIFY: Apply YF = ma to the composite object consisting of the two boxes and to the top box. The friction 
the ramp exerts on the lower box is kinetic friction. The upper box doesn’t slip relative to the lower box, so the 
friction between the two boxes is static. Since the speed is constant the acceleration is zero. 

SET Up: Let +x be up the incline. The free-body diagrams for the composite object and for the upper box are 


given in Figures 5.33a and b. The slope angle ø of the ramp is given by tang = oan , 80 ¢=27.76° . Since the 
75m 


boxes move down the ramp, the kinetic friction force exerted on the lower box by the ramp is directed up the 
incline. To prevent slipping relative to the lower box the static friction force on the upper box is directed up the 
incline. m =32.0 kg + 48.0 kg =80.0 kg. 


EXECUTE: (a) XF, = ma, applied to the composite object gives 7o =m,,,gcos@ and fy = £4,11,.8 COS¢ . 

XF, =ma, gives f, +T —m,,gsing = 0 and 

T = (sin ø — 4, cosd)m,,,g = (sin 27.76° —[0.444]cos 27.76°)(80.0 kg)(9.80 m/s*) =57.1 N. 

The person must apply a force of 57.1 N, directed up the ramp. 

(b) XF, = ma, applied to the upper box gives f, = mg sin ģ = (32.0 kg)(9.80 m/s°)sin27.76° =146 N , directed up 


the ramp. 


EVALUATE: For each object the net force is zero. 
y 


2 Mag COS $ 
Mi sinds 


Miot 


Figure 5.33a, b 
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5.34. 


5.35. 


5.36. 


IDENTIFY: Use iF = ma to find the acceleration that can be given to the car by the kinetic friction force. Then 


use a constant acceleration equation. 
SET Up: Take +x in the direction the car is moving. 


EXECUTE: (a) The free-body diagram for the car is shown in Figure 5.34. ys =ma, gives n=mg . 
Ve =ma, gives —1,n=ma,. -umg =ma, and a, =-—44g . Then v.=0 and v? = Vo. +2a(x—X,) gives 


Vo. Vor (29.1 m/s)? 


(x- x)= =4 = =z =54.0m. 
2a, 2u,g 2(0.80)(9.80 m/s“) 


(b) v, = 4244, 8(% x,) = 2(0.25)(9.80 m/s?)(54.0 m) =16.3 m/s 


2 
; ‘ Vox = ; ; 
EVALUATE: For constant stopping distance —** is constant and v,, is proportional to 4/44 . The answer to 
HM 


part (b) can be calculated as (29.1 m/s)V0.25/0.80 =16.3 m/s. 


y 


fk = Hyn 


mg 


Figure 5.34 


IDENTIFY: For a given initial speed, the distance traveled is inversely proportional to the coefficient of kinetic 
friction. 
SETUP: From Table 5.1 the coefficient of kinetic friction is 0.04 for Teflon on steel and 0.44 for brass on steel. 


EXECUTE: The ratio of the distances is has =11. 


EVALUATE: The smaller the coefficient of kinetic friction the smaller the retarding force of friction, and the 
greater the stopping distance. 

IDENTIFY: Constant speed means zero acceleration for each block. If the block is moving the friction force the 
tabletop exerts on it is kinetic friction. Apply iF = ma to each block. 

SETUP: The free-body diagrams and choice of coordinates for each block are given by Figure 5.36. 

m,=4.59 kg and m, =2.55 kg . 


EXECUTE: (a) SF, =ma, with a, =0 applied to block B gives m,g -T =O and T=25.0N. pal =ma, with 
i . ; fe 25.0 N 
a, =0 applied to block A gives T — f, =0and f, =25.0N.n,=m,g=45.0 N and 4, === 
i n, 45.0N 
(b) Now let A be block A plus the cat, so m, =9.18 kg. n, =90.0 N and f, = 4n =(0.556)(90.0 N) = 50.0 N. 
XF, =ma, for A gives T- f, = m;a, . DF, = ma, for block B gives mg -T =m,a,. a, for A equals a, for B, 
m,g—f, _ 25.0 N -50.0 N 


so adding the two equations gives m,g — f, =(m,+m,)a, and a, = a =-2.13 m/s’. 
£ i $ s8 — Ji =(m, +m), ” m;+m, 9.18 kg+2.55 kg 


=0.556. 


The acceleration is upward and block B slows down. 
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EVALUATE: The equation m,g — f, =(m,+m,)a, has a simple interpretation. If both blocks are considered 
together then there are two external forces: m,g that acts to move the system one way and f, that acts oppositely. 


The net force of m,g — f, must accelerate a total mass of m} +m, . 


> T 
na | a 
fk —x x 
T 
mag 
mpg 
Figure 5.36 


5.37. IDENTIFY: Apply XF =ma to each crate. The rope exerts force T to the right on crate A and force T to the left 


on crate B. The target variables are the forces T and F. Constant v implies a =0. 
SETUP: The free-body diagram for A is sketched in Figure 5.37a 


y 
EXECUTE: 


fra $ 
f ny =M4g 
| Jia = Hg = MN 
m4 8 
Figure 5.37a 

XF, = ma, 

T- fia 

T = Mm, 


SETUP: The free-body diagram for B is sketched in Figure 5.37b. 


y 


EXECUTE: 
XF, mma, BY 


Nz -mg =0 


Gr ng =MgE 
| Jis = Lng = MN 
mgg 
Figure 5.37b 
XF, = ma, 
F-T- fe 
F =T + msg 


Use the first equation to replace T in the second: 

F = Ws + LMgg. 

(a) F =m, +m;)g 

(b) T = m,g 

EVALUATE: We can also consider both crates together as a single object of mass (m; +m, ). Sr =ma,, for 


this combined object gives F = f, = 44,(m,+m,)g, in agreement with our answer in part (a). 
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5.38. IDENTIFY: f= u,n. Apply iF = mä to the tire. 


SETUP: n=mgand f=ma. 
2 2 
v =v, ; ; : ; E 
EXECUTE: a, = 3 % , where L is the distance covered before the wheel’s speed is reduced to half its original 


x 


2 2 2 Eaa 2 
a vy _% 74% _3 Vp 


speed and v=v,/2. 4, = = ; 
p i fi g 2Lg 2Lg  8Lg 


3 (3.50 m/s)’ 


Low pressure, L =18.1 m and xx = 0.0259 . 
8 (18.1 m)(9.80 m/s”) 
2 
High pressure, L =92.9 m and Da = 0.00505. 
8 (3.50 m/s) 
EVALUATE: 4, is inversely proportional to the distance L, so Ant = a 3 
My 1 


5.39. IDENTIFY: Apply ZEF = mä to the box. Use the information about sliding to calculate the mass of the box. 
SETUP: f,=4.n, f,=unand n=mg. 
EXECUTE: Without the dolly: n=mg and F — u,n=0 (a, =0 since speed is constant). 
F 160 N 
m= = 2 
tg (0.47) (9.80 m/s”) 
With the dolly: the total mass is 34.7 kg + 5.3 kg = 40.04 kg and friction now is rolling friction, f, = 4,mg. 


= 34.74 kg 


F- 
F-umg=ma. a=" 3.82 m/s’. 
m 


EVALUATE: ff, = 44mg =160N and f, = umg =4.36N, or, 2- Æ The rolling friction force is much less 
k MK 
than the kinetic friction force. 


5.40. IDENTIFY: Apply iF = mä to the truck. For constant speed, a=0 and F,,,, = f,- 
SETUP: f. =un= umg. Let m, =1.42m and 4o =0.81y,, . 
EXECUTE: Since the speed is constant and we are neglecting air resistance, we can ignore the 2.4 m/s, and F „in 
the horizontal direction must be zero. Therefore f, = uu, = F,,,;, = 200 N before the weight and pressure changes 
are made. After the changes, (0.8144) (1.427) = Fi. =0. We can 
CSTE MLA) — Foi and (0.81) (1.42) (200 N) = Foiz 
un 200 N 
EVALUATE: The increase in weight increases the normal force and hence the friction force, whereas the decrease 
in u, reduces it. The percentage increase in the weight is larger, so the net effect is an increase in the friction force. 


because the speed is still constant and F, 


et 


simply divide the two equations: =230N. 


5.41. IDENTIFY: Apply XF =ma to each block. The target variables are the tension T in the cord and the 


acceleration a of the blocks. Then a can be used in a constant acceleration equation to find the speed of each block. 
The magnitude of the acceleration is the same for both blocks. 
SET UP: The system is sketched in Figure 5.41a. 


For each block take a positive 
m, =225kg coordinate direction to be the 
| K direction of the block’s acceleration. 


B 


mg = 1.30 kg 


Figure 5.41a 


Applying Newton’s Laws 5-19 


5.42. 


block on the table: The free-body is sketched in Figure 5.41b. 
4 EXECUTE: 
XF, ,=ma, 
n-m,g=0 
n=M48 
ms Ji = Ml = fy 
Figure 5.41b 


SF = ma, 

T-f,=m,a 

T — u,m,g =m,a 

SETUP: hanging block: The free-body is sketched in Figure 5.41c. 


T 
EXECUTE: 
x £ F, =ma, 
a 
| nips mg -T =m,a 
T=m,g—m,a 
y 
Figure 5.41c 


(a) Use the second equation in the first 


Mpg — Mga — HM, =M a 


(m,+m,)a =(m; — 4m4)g 


q a "a —um,)g _ (1.30 kg ~ (0.45)(2.25 kg))(9.80 m/s”) 
m,+m, 2.25 kg +1.30 kg 


=0.7937 m/s” 


SETUP: Now use the constant acceleration equations to find the final speed. Note that the blocks have the same 
speeds. x—x, =0.0300 m, a, =0.7937 m/s”, v, =0, v, =? 

ve =v, + 2a,(x- x) 

EXECUTE: v, = ,/2a,(x—x,) = J2(0.7937 m/s”)(0.0300 m) = 0.218 m/s = 21.8 cm/s. 

(b) T =m,g -m,a = m,(g—a) =1.30 kg(9.80 m/s? —0.7937 m/s’) =11.7 N 

Or, to check, T — umg = m;a 

T =m (a + 442g) = 2.25 kg(0.7937 m/s? + (0.45)(9.80 m/s”)) =11.7 N, which checks. 

EVALUATE: The force T exerted by the cord has the same value for each block. T <m,g_ since the hanging block 


accelerates downward. Also, f, = 44m,g =9.92 N. T > f, and the block on the table accelerates in the direction 
of T. 
IDENTIFY: Apply SF = mä to the box. When the box is ready to slip the static friction force has its maximum 


possible value, f, = 4n. 


SET Up: Use coordinates parallel and perpendicular to the ramp. 
EXECUTE: (a) The normal force will be wcos 0 and the component of the gravitational force along the ramp 


is wsin 0 . The box begins to slip when wsin@ > u.wcos@, or tan0 > u, =0.35, so slipping occurs at 

0 = arctan(0.35) =19.3°. 

(b) When moving, the friction force along the ramp is 4,wcos@ , the component of the gravitational force along 
the ramp is wsin@, so the acceleration is 


(wsin 0 — wy, cos0)/m = g(sin@ — 4, cosO) = 0.92 m/s’. 


(c) Since v, =0, 2ax=v?, so v=(2ax)!”, or v=[(2)(0.92m/s)(5 m)]!”? =3 m/s . 


EVALUATE: When the box starts to move, friction changes from static to kinetic and the friction force becomes 
smaller. 
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5.43. (a) IDENTIFY: Apply iF =ma to the crate. Constant v implies a =0. Crate moving says that the friction is 


kinetic friction. The target variable is the magnitude of the force applied by the woman. 
SETUP: The free-body diagram for the crate is sketched in Figure 5.43. 


y 


EXECUTE: 


XF, =ma, 
n—mg—Fsin@=0 
n=mg+Fsin@ 


Si = HN = yng + pF sin 0 


Figure 5.43 


DF, = ma, 
Fcosé- f, =0 
F cos6- umg — uF sin@ =0 
F(cos@— u, sin 0) = mg 

Z Lmg 

cos@ — 44, sind 

(b) IDENTIFY and Ser Up: “start the crate moving” means the same force diagram as in part (a), except that 
HME 


44 is replaced by y,. Thus F =———*-°—_.. 
i cos 0 — u, sind 


EXECUTE: F —oœ if cos@-y,sin@=0. This gives 4, = a sa ; 
i sin tand 
EVALUATE: F hasa downward component so n > mg. If @=0 (woman pushes horizontally), n =mg and 


F=f, = mg. 
5.44. IDENTIFY: Apply JF = mä to the box. 
SET Up: Let +y be upward and +x be horizontal, in the direction of the acceleration. Constant speed means a=0. 
EXECUTE: (a) There is no net force in the vertical direction, so n+ Fsin0-—w=0, or 
n=w-Fsin@ =mg — F sin. The friction force is f, = 44n = 4,(mg — F sin 0). The net horizontal force 
is F cos0 — f, = F cos0 — (mg — F'sin@), and so at constant speed, 
= LME 
cosĝ + 44, sind 
(b) Using the given values, F = CAN kg)(9.80m/s") =290 N. 
(cos 25° + (0.35)sin 25°) 
EVALUATE: If 0=0°, F=4,meg. 
5.45. IDENTIFY: Apply SF = mä to each block. 


SET Up: For block B use coordinates parallel and perpendicular to the incline. Since they are connected by ropes, 
blocks A and B also move with constant speed. 

EXECUTE: (a) The free-body diagrams are sketched in Figure 5.45. 

(b) The blocks move with constant speed, so there is no net force on block A; the tension in the rope connecting A 
and B must be equal to the frictional force on block A, 44, =(0.35) (25.0 N) =9N. 


(c) The weight of block C will be the tension in the rope connecting B and C; this is found by considering the 
forces on block B. The components of force along the ramp are the tension in the first rope (9 N, from part (a)), the 
component of the weight along the ramp, the friction on block B and the tension in the second rope. Thus, the 
weight of block C is 


Wo =9 N+w,(sin36.9° + 44, cos36.9°) =9 N + (25.0 N)(sin 36.9° + (0.35)cos 36.9°) = 31.0 N 


The intermediate calculation of the first tension may be avoided to obtain the answer in terms of the common 
weight w of blocks A and B, w, = w(u, + (sind + 4, cosA)), giving the same result. 


(d) Applying Newton’s Second Law to the remaining masses (B and C) gives: 
a = g(We — HW, cosO — wp sin 8)/(w, + we) =1.54m/s”. 
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5.46. 


5.47. 


5.48. 


5.49. 


EVALUATE: Before the rope between A and B is cut the net external force on the system is zero. When the rope is 


cut the friction force on A is removed from the system and there is a net force on the system of blocks B and C. 
na 


fa 


Wa Tı fe Wp 
Figure 5.45 

IDENTIFY and SET Up: The derivative of v, gives a, as a function of time, and the integral of v, gives y as a 
function of time. 
EXECUTE: Differentiating Eq. (5.10) with respect to time gives the acceleration 

k\_ -(k/m)t i ; : 
a=v; (E) (m)! = ge~)! where Eq. (5.9), v, = mg/k , has been used. Integrating Eq. (5.10) with respect to time 

m 


with y, =0 gives 


G —(k/m m —(k/m)t m m —(k/m 
y=] vi-t "asje Bye CH i v(Z)=nfe mal et IF 


EVALUATE: We can verify that dy/dt=v,. 

IDENTIFY and SET Up: Apply Eq.(5.13). 

pam _ (80 kg) (9.80 m/s”) 
v? (42 m/s) 


t 


EXECUTE: (a) Solving for D in terms of v,, 


(b) 9, - [s-e kg)(9.80 m/s*) _ 4, a 
D (0.25 kg/m) 


EVALUATE: 1, is less for the daughter since her mass is less. 


= 0.44 kg/m. 


IDENTIFY: Apply YF = mä to the ball. At the terminal speed, f =mg. 


SETUP: The fluid resistance is directed opposite to the velocity of the object. At half the terminal speed, the 
magnitude of the frictional force is one-fourth the weight. 

EXECUTE: (a) If the ball is moving up, the frictional force is down, so the magnitude of the net force is (5/4)w 
and the acceleration is (5/4)g, down. 

(b) While moving down, the frictional force is up, and the magnitude of the net force is (3/4)w and the acceleration 
is (3/4)g, down. 

EVALUATE: The frictional force is less than mg in each case and in each case the net force is downward and the 
acceleration is downward. 


IDENTIFY: Apply SF = ma to one of the masses. The mass moves in a circular path, so has acceleration 


2 


v P 
EM F” directed toward the center of the path. 


rad 


SETUP: Ineach case, R = 0.200 m. In part (a), let +x be toward the center of the circle, so a, =a,,, - In part (b) 


rad 


let +y be toward the center of the circle, so a, =a,,,. +y is downward when the mass is at the top of the circle 


and +y is upward when the mass is at the bottom of the circle. Since a,,, has its greatest possible value, F is in 


rad 


the direction of @,,, at both positions. 


rad 


2 
EXECUTE: (a) XE. = ma, gives F =ma,,,=m-—. F =75.0 N and v= EB | (aes) =3.6l1 m/s. 
mihi ‘ m 1.15 kg 


(b) The free-body diagrams for a mass at the top of the path and at the bottom of the path are given in figure 5.49. 
. For a given rotation rate 


rad 


At the top, XF, = ma, gives F =ma,,,—mg and at the bottom it gives F = mg + ma 


and hence value of a„a , the value of F required is larger at the bottom of the path. 


rad > 
2 
F 
(c) F = mg + ma „a SO ~ == gand 
R m 


v= rf[Z-s) = |(0.200 m) TN -9.80 m/s’ | =3.33 m/s 
m 1.15 kg 
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EVALUATE: The maximum speed is less for the vertical circle. At the bottom of the vertical path F and the 
weight are in opposite directions so F must exceed ma,,, by an amount equal to mg. At the top of the vertical path 


rad 


F and mg are in the same direction and together provide the required net force, so F must be larger at the bottom. 
y 


mg 


top bottom 
Figure 5.49 


5.50. IDENTIFY: Since the car travels in an arc of a circle, it has acceleration a„a =v°/R , directed toward the center of 
the arc. The only horizontal force on the car is the static friction force exerted by the roadway. To calculate the 
minimum coefficient of friction that is required, set the static friction force equal to its maximum value, f, = un. 
Friction is static friction because the car is not sliding in the radial direction. 

SETUP: The free-body diagram for the car is given in Figure 5.50. The diagram assumes the center of the curve 


is to the left of the car. 
2 pa 


EXECUTE: (a) XF, = ma, gives n=mg . XF, =ma, gives 4n = m>. umg = ma and 


290 


_v (25.0 m/s)’ a 
MER (9.80 mis*\(220m) 


2 2 2 
(b) V =Rg =constant , so Pot, v =v [Ae = (25.0 m/s) [ead =144 m/s. 
Ls Hsi Mey Mey Hsi 


EVALUATE: A smaller coefficient of friction means a smaller maximum friction force, a smaller possible 
acceleration and therefore a smaller speed. 


arad 


n 


mg 


Figure 5.50 


5.51. IDENTIFY: We can use the analysis done in Example 5.23. As in that example, we assume friction is negligible. 
2 


SETUP: From Example 5.23, the banking angle £ is given by tan 2 = A . Also, n =mg/cos £ . 
g 


65.0 mi/h = 29.1 m/s. 


(29.1 m/s)? 
(9.80 m/s”)(225 m) 
of the vehicle, so the truck and car should travel at the same speed. 

2 
US Fe ODS) SS NE Nie 
cos21.0° 


EVALUATE: The vertical component of the normal force must equal the weight of the vehicle, so the normal 
force is proportional to m. 


5.52. IDENTIFY: The acceleration of the person is a,,,=v’/R , directed horizontally to the left in the figure in the 


EXECUTE: (a) tan = and £=21.0°. The expression for tan J does not involve the mass 


(b) For the car, n =2n,,, =2.36x10* N , since m 


= 2M oop E 


truck 


. re ; 22R = a 
problem. The time for one revolution is the period T = N Apply XF = mä to the person. 
v 
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5.53. 


SET Up: The person moves in a circle of radius R = 3.00 m+ (5.00 m)sin30.0° = 5.50 m . The free-body diagram 
is given in Figure 5.52. F is the force applied to the seat by the rod. 


2 
EXECUTE: (a) X F,=ma, gives Fcos30.0°=mg and F a DF, =ma, gives F sin30.0° =m% 


Combining these two equations gives v = JRgtand = 6.50 m)(9.80 m/s”) tan30.0° = 5.58 m/s . Then the period 
2aR _ 2n(5.50 m) 
v5.58 m/s 
(b) The net force is proportional to m so in iF = ma the mass divides out and the angle for a given rate of 


is T= =6.19s. 


rotation is independent of the mass of the passengers. 
EVALUATE: The person moves in a horizontal circle so the acceleration is horizontal. The net inward force 
required for circular motion is produced by a component of the force exerted on the seat by the rod. 


\ | 


NI Fcos30° 


Grad 


` 
\ 


Fsin30° 


mg 


Figure 5.52 


IDENTIFY: Apply SF = mä to the composite object of the person plus seat. This object moves in a horizontal 


circle and has acceleration a,,,, directed toward the center of the circle. 
SETUP: The free-body diagram for the composite object is given in Figure 5.53. Let +x be to the right, in the 


direction of a,,,. Let +y be upward. The radius of the circular path is R = 7.50 m. The total mass is 


rad 
(255 N +825 N)/(9.80 m/s’) =110.2 kg . Since the rotation rate is 32.0 rev/min = 0.5333 rev/s , the period T is 
oe =1.875 s. 

0.5333 rev/s 

mg  _ 255 N+825 N 


cos40.0° cos40.0° 


EXECUTE: XF, =ma, gives T,cos40.0° -mg =0and T, = =1410 N. 


YF, = ma, gives T,sin40.0°+T, = ma, and 
2 2 
pemn Cpap ato akg) Oa 
T (1.875 s) 


The tension in the horizontal cable is 8370 N and the tension in the other cable is 1410 N. 
EVALUATE: The weight of the composite object is 1080 N. The tension in cable A is larger than this since its 
vertical component must equal the weight. ma,,, =9280 N . The tension in cable B is less than this because part of 


~(1410 N)sin40.0° =8370 N . 


the required inward force comes from a component of the tension in cable A. 


y arad 


T, sin 40° 


mg 


Figure 5.53 
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5.54. IDENTIFY: Apply iF = mä to the button. The button moves in a circle, so it has acceleration a,,, . 


SETUP: The situation is equivalent to that of Example 5.22. 
2 


2 
EXECUTE: (a) 4, = = . Expressing v in terms of the period T, v= E SO 4, = ee A platform speed of 
g g 


47°(0.150m) | 
(1.50 s)?(9.80 m/s?) | 
(b) For the same coefficient of static friction, the maximum radius is proportional to the square of the period 
(longer periods mean slower speeds, so the button may be moved further out) and so is inversely proportional to 


2 
the square of the speed. Thus, at the higher speed, the maximum radius is (0.150 m) (22) =0.067 m. 


40.0 rev/min corresponds to a period of 1.50 s, so u, = 0.269. 


47r°R ; : : ns beats À 
EVALUATE: a= T The maximum radial acceleration that friction can give is umg . At the faster rotation 
rate T is smaller so R must be smaller to keep a,,, the same. 
47° R 


5.55. IDENTIFY: The acceleration due to circular motion is a,,; = 


T? 
SETUP: R=800 m. 1/T is the number of revolutions per second. 
EXECUTE: (a) Setting a,,,=g and solving for the period T gives 


E oe A aE 
g 9.80 m/s 


so the number of revolutions per minute is (60 s/min)/(40.1 s)=1.5 rev/min . 


(b) The lower acceleration corresponds to a longer period, and hence a lower rotation rate, by a factor of the square 
root of the ratio of the accelerations, T’ = (1.5 rev/min) x4/3.70/9.8 =0.92 rev/min. 


2 
: ; AE v 
EVALUATE: In part (a) the tangential speed of a point at the rim is given by a,,, = a so 


v= [Rana = JRg = 62.6 m/s ; the space station is rotating rapidly. 
2aR ; ; : sours 
5.56. IDENTIFY: T=—~—.The apparent weight of a person is the normal force exerted on him by the seat he is sitting 
v 


on. His acceleration is a,,, =v°/R , directed toward the center of the circle. 
SETUP: The period is T =60.0 s. The passenger has mass m = w/g =90.0 kg. 


2 2 
eR AROR 5.24 m/s. Note that aa = AR =0.549 m/s’. 
T 60.0 s R 50.0 m 


(b) The free-body diagram for the person at the top of his path is given in Figure 5.56a. The acceleration is 
downward, so take +y downward. SF, =ma, gives Mg -n = Mapa- 


n=m(g —a,4) = (90.0 kg)(9.80 m/s? -0.549 m/s?) =833 N . 


The free-body diagram for the person at the bottom of his path is given in Figure 5.56b. The acceleration is 
upward, so take +y upward. Dae =ma, gives n—mg=ma,, and n=m(g+4,4)=931N. 


EXECUTE: (a) v= 


2 


(c) Apparent weight=0 means n=0 and mg =ma,,,. Z= . and v=,/gR = 22.1 m/s . The time for one 


2æR _ 2n(50.0 m) 
v 22.1 m/s 
(d) n=m(g+a,,,) =2mg =2(882 N) =1760 N, twice his true weight. 


revolution would be T = 


=14.2s . Note that a,,=g. 
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5.57. 


5.58. 


EVALUATE: At the top of his path his apparent weight is less than his true weight and at the bottom of his path 
his apparent weight is greater than his true weight. 


Figure 5.56a, b 


IDENTIFY: Apply SF =ma to the motion of the pilot. The pilot moves in a vertical circle. The apparent weight 


is the normal force exerted on him. At each point @,,, is directed toward the center of the circular path. 


(a) SETUP: “the pilot feels weightless” means that the vertical normal force n exerted on the pilot by the chair on 
which the pilot sits is zero. The force diagram for the pilot at the top of the path is given in Figure 5.57a. 
EXECUTE: 


Sh =ma, 


mg =, MA aa 


ay 


Figure 5.57a 


Thus v=./gR =,/(9.80 m/s?)(150 m) =38.34 m/s 


v = (38.34 m| 1 kin ie 2 


10° m lh 
(b) SETUP: The force diagram for the pilot at the bottom of the path is given in Figure 5.57b. Note that the 
vertical normal force exerted on the pilot by the chair on which the pilot sits is now upward. 
EXECUTE: 
SF, =ma, 
2 
ioe i A a 
X 2 
n=mg +m— 
| em, 
mg 


J=138 km/h 


y 


This normal force is the pilot’s apparent weight. 
Figure 5.57b 


w= 700 N, so m= =71.43 kg 
g 


3 
v= E80 katy Lih ee = 77.78 m/s 
3600 s /\ 1 km 


(77.78 m/s} 
0m 
EVALUATE: In part (b), n>mg since the acceleration is upward. The pilot feels he is much heavier than when at 


Thus n=700 N+71.43 kg =3580N. 


rest. The speed is not constant, but it is still true that a,,,=v°/R at each point of the motion. 


IDENTIFY: a,,, =v’ /R, directed toward the center of the circular path. At the bottom of the dive, d,,, is upward. 


The apparent weight of the pilot is the normal force exerted on her by the seat on which she is sitting. 
SETUP: The free-body diagram for the pilot is given in Figure 5.58. 
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5.59. 


5.60. 


2 2 2 
EXECUTE: (a) apa = gives R= ome CCAS eee 30m. 


~ 4,00(9.80 m/s?) _ 


rad 
(b) XF, = ma, gives n- mg = Mapa- 
n =m(g +a 4) =m(g + 4.00g) =5.00mg = (5.00)(50.0 kg)(9.80 m/s”) = 2450 N 


EVALUATE: Her apparent weight is five times her true weight, the force of gravity the earth exerts on her. 


mg 


Figure 5.58 


IDENTIFY: Apply XF =ma to the water. The water moves in a vertical circle. The target variable is the speed 


v; we will calculate a,,, and then get v from a,,,=v’/R 


SETUP: Consider the free-body diagram for the water when the pail is at the top of its circular path, as shown in 
Figures 5.59a and b. 
$ 


pte =r The radial acceleration is in toward the center 
S of the circle so at this point is downward. 
n is the downward normal force exerted on 


| a the water by the bottom of the pail. 


Figure 5.59a 


EXECUTE: 


Figure 5.59b 


At the minimum speed the water is just ready to lose contact with the bottom of the pail, so at this speed, n > 0. 


(Note that the force n cannot be upward.) 
2 


With n —0 the equation becomes mg = m v= /gR= (9.80 m/s’)(0.600 m) = 2.42 m/s. 


EVALUATE: At the minimum speed a,,, = g. Ifv is less than this minimum speed, gravity pulls the water (and 
bucket) out of the circular path. 

IDENTIFY: The ball has acceleration a,,, =v’ /R , directed toward the center of the circular path. When the ball is 
at the bottom of the swing, its acceleration is upward. 

SETUP: Take +y upward, in the direction of the acceleration. The bowling ball has mass m = w/ g =7.27 kg. 


2 2 
EXECUTE: (a) d,,; = = = dimar 
. m 


(b) The free-body diagram is given in Figure 5.60. XF: =ma, gives T -mg =ma,,,. 
T =m(g + Gq) = (7.27 kg)(9.80 m/s? +4.64 m/s’) =105 N 


=4.64 m/s , upward. 
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5.61. 


5.62. 


5.63. 


EVALUATE: The acceleration is upward, so the net force is upward and the tension is greater than the weight. 
2 


mg 
Figure 5.60 
IDENTIFY: Apply iF = mä to the knot. 


SETUP: a=0. Use coordinates with axes that are horizontal and vertical. 
EXECUTE: (a) The free-body diagram for the knot is sketched in Figure 5.61. 
T, is more vertical so supports more of the weight and is larger. You can also see this from X F. =ma, : 


T, cos40° -T cos60° =0. T, cos40° -T cos60° =0. 
(b) T, is larger so set T, = 5000 N. Then T, = 7,/1.532 =3263.5 N. LF, =ma, gives 
T, sin 60° + T, sin40° = w and w= 6400 N. 


EVALUATE: The sum of the vertical components of the two tensions equals the weight of the suspended object. 
The sum of the tensions is greater than the weight. 


Figure 5.61 


IDENTIFY: Apply XF = má to each object . Constant speed means a= 0. 


SETUP: The free-body diagrams are sketched in Figure 5.62. T, is the tension in the lower chain, T, is the 
tension in the upper chain and T = F is the tension in the rope. 
EXECUTE: The tension in the lower chain balances the weight and so is equal to w. The lower pulley must have 
no net force on it, so twice the tension in the rope must be equal to w and the tension in the rope, which equals F, is 
w/2 . Then, the downward force on the upper pulley due to the rope is also w, and so the upper chain exerts a force 
w on the upper pulley, and the tension in the upper chain is also w. 
EVALUATE: The pulley combination allows the worker to lift a weight w by applying a force of only w/2. 

T T Tı Tə 


w 


Figure 5.62 


Ti 


IDENTIFY: Apply >) F = mā to the rope. 

SETUP: The hooks exert forces on the ends of the rope. At each hook, the force that the hook exerts and the 
force due to the tension in the rope are an action-reaction pair. 

EXECUTE: (a) The vertical forces that the hooks exert must balance the weight of the rope, so each hook exerts 
an upward vertical force of w/2 on the rope. Therefore, the downward force that the rope exerts at each end is 


T,,48inO = w/2, so Ta =w/(2sin 0) = Mg /(2sin 0). 
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(b) Each half of the rope is itself in equilibrium, so the tension in the middle must balance the horizontal force that 


each hook exerts, which is the same as the horizontal component of the force due to the tension at the end; 
Torq COSO = Triade SO Triaate = Mg cos6 /(2sin 0) = Mg /(2tan 0). 
(c) Mathematically speaking, 6 #0 because this would cause a division by zero in the equation for T a or T, 


Physically speaking, we would need an infinite tension to keep a non-massless rope perfectly straight. 
EVALUATE: The tension in the rope is not the same at all points along the rope. 


5.64. IDENTIFY: Apply SF =ma to the combined rope plus block to find a. Then apply DF =ma to a section of 


the rope of length x. First note the limiting values of the tension. The system is sketched in Figure 5.64a. 


At the top of the rope T =F 
At the bottom of the rope T =M(g+a) 


Figure 5.64a 


SET Up: Consider the rope and block as one combined object, in order to calculate the acceleration: The free- 
body diagram is sketched in Figure 5.64b. 
y 


EXECUTE: 
XF, =ma, 
y y 
F-(M+m)g=(M+m)a 
F 


a= 
M+m 


(M+m)g 
Figure 5.64b 


SET Up: Now consider the forces on a section of the rope that extends a distance x< L below the top. The 
tension at the bottom of this section is T(x) and the mass of this section is m(x/L). The free-body diagram is 
sketched in Figure 5.64c. 


y 


EXECUTE: 

SF =ma, 

F -T(x)-—m(x/L)g =m(x/L)a 
T(x) =F —m(x/L)g —m(x/L)a 


Figure 5.64c 
Using our expression for a and simplifying gives 
Tœ =F 1- 
L(M +m) 


EVALUATE: Important to check this result for the limiting cases: 
x=0: The expression gives the correct value of T = F. 
x= L: The expression gives T = F(M /(M +m)). This should equal T = M (g +a), and when we use the 
expression for a we see that it does. 
5.65. IDENTIFY: Apply XF = mä to each block. 


SETUP: Constant speed means a =0. When the blocks are moving, the friction force is f, and when they are at 


rest, the friction force is f,. 


middle * 


EXECUTE: (a) The tension in the cord must be m,g in order that the hanging block move at constant speed. This 


tension must overcome friction and the component of the gravitational force along the incline, so 
mg =(mgsina + 4,m,g cosa) and m, =m, (sina + u, cosa) . 
(b) In this case, the friction force acts in the same direction as the tension on the block of mass m,, so 


m,g =(mgsina— u,m gcosa), or m, =m,(sina— 4, cosa) . 
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5.66. 


(c) Similar to the analysis of parts (a) and (b), the largest m, could be is m,(sina+yu,cosa@) and the smallest m, 
could be is m (sin æ — 4, cos æ) . 

EVALUATE: In parts (a) and (b) the friction force changes direction when the direction of the motion of 

m, changes. In part (c), for the largest m, the static friction force on m, is directed down the incline and for the 
smallest m, the static friction force on m, is directed up the incline. 


IDENTIFY: The system is in equilibrium. Apply Newton’s 1st law to block A, to the hanging weight and to the 
knot where the cords meet. Target variables are the two forces. 
(a) SETUP: The free-body diagram for the hanging block is given in Figure 5.66a. 

y 


a=0 


EXECUTE: 
SF =m, 
T,-w=0 
T, =12.0 N 


Figure 5.66a 


SETUP: The free-body diagram for the knot is given in Figure 5.66b. 
i EXECUTE: 

T,sin45° E 
a iT, Dee =ma, 

i T, sin45.0°-T, =0 

T,cos45° ` T, = T _ 12.0N 
| sin45.0° sin 45.0° 
T T, =17.0N 

Figure 5.66b 


È F =ma, 

T,cos45.0°—T, =0 

T, =T, cos45.0° =12.0 N 

SETUP: The free-body diagram for block A is given in Figure 5.66c. 
$ 


EXECUTE: 
XF, = ma, 

f. ‘ 

i T-=f=0 
f.=T, =12.0 N 

wa 
Figure 5.66c 
EVALUATE: Also can apply > F, = ma, to this block: 
n—-w,=0 
n=w,=60.0N 


Then yn =(0.25)(60.0 N) =15.0 N; this is the maximum possible value for the static friction force. We see that 


Ff. < un; for this value of w the static friction force can hold the blocks in place. 
(b) SETUP: We have all the same free-body diagrams and force equations as in part (a) but now the static 
friction force has its largest possible value, f, = u4n=15.0 N. Then T = f, =15.0 N. 
EXECUTE: From the equations for the forces on the knot 
T,cos45.0°—T, =0 implies 7, =7,/c0s45.0°= 29 N__212N 
cos45.0° 
T, sin 45.0° - 7, =0 implies 7, =7,sin45.0° = (21.2 N)sin 45.0° =15.0 N 
And finally 7,-w=0 implies w=T7, =15.0 N. 
EVALUATE: Compared to part (a), the friction is larger in part (b) by a factor of (15.0/12.0) and w is larger by 
this same ratio. 
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IDENTIFY: Apply iF = mä to each block. Use Newton’s 3™ law to relate forces on A and on B. 

SET Up: Constant speed means a=0. 

EXECUTE: (a) Treat A and B as a single object of weight w= w, + w, =4.80 N . The free-body diagram for this 
combined object is given in Figure 5.67a. SF, =ma, gives n=w=4.80N. fy =44n=1.44N. DF = ma, 
gives F = f, =144N 

(b) The free-body force diagrams for blocks A and B are given in Figure 5.67b. n and f, are the normal and 
friction forces applied to block B by the tabletop and are the same as in part (a). f,, is the friction force that A 
applies to B. It is to the right because the force from A opposes the motion of B. n, is the downward force that A 
exerts on B. fya is the friction force that B applies to A. It is to the left because block B wants A to move with it. 
n, is the normal force that block B exerts on A. By Newton’s third law, fgg = f,, and these forces are in opposite 
directions. Also, nį =n, and these forces are in opposite directions. 

ee =ma, for block A gives n, =w, =1.20 N ,so n,=1.20N. 

Jea = Ln, = (0.300)(1.20 N) =0.36N, and f,, =0.36 N. 

XF, =ma, for block A gives T= f,, =0.36N. 

XF, =ma, for block B gives F = fig + f, = 0.36 N +1.44 N =1.80 N 


EVALUATE: In part (a) block A is at rest with respect to B and it has zero acceleration. There is no horizontal 
force on A besides friction, and the friction force on A is zero. A larger force F is needed in part (b), because of the 
friction force between the two blocks. 

y y y 


na 


Wg 


ng WA 
w block B block A 
Figure 5.67a—c 


IDENTIFY: Apply XF =ma to the brush. Constant speed means a =0. Target variables are two of the forces 


on the brush. 
SETUP: Note that the normal force exerted by the wall is horizontal, since it is perpendicular to the wall. The 
kinetic friction force exerted by the wall is parallel to the wall and opposes the motion, so it is vertically 


downward. The free-body diagram is given in Figure 5.68. 


EXECUTE: 


YF, =ma, 
n—Fcos53.1°=0 

x n= F cos 53.1° 
A, = Ln = yF cos53.1° 


Figure 5.68 


SF =ma, 
Fsin53.1°-w- f, =0 
F sin53.1° — w — u,F cos53.1° = 0 
F (sin 53.1° — 44, cos53.1°) = w 
F=— = 

sin 53.1°— 44 cos53.1° 
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(a) F =— ad Span UN =16.9N 
sin53.1°— 4, cos53.1° sin53.1°—(0.15)cos53.1° 
(b) n = F cos53.1° = (16.9 N)cos53.1° =10.1 N 


EVALUATE: Inthe absence of friction w= F sin 53.1°, which agrees with our expression. 


5.69. IDENTIFY: The net force at any time is F.,, =ma. 


net 
SETUP: At t=0, a=62g . The maximum acceleration is 140g at t =1.2 ms. 
EXECUTE: (a) F „=ma = 62mg = 62(210x10° kg)(9.80 m/s’) =1.3x10~ N . This force is 62 times the flea’s 
weight. 

(b) Fa =140mg =2.9x107N. 


(c) Since the initial speed is zero, the maximum speed is the area under the a,-t graph. This gives 1.2 m/s. 


et 


EVALUATE: a is much larger than g and the net external force is much larger than the flea's weight. 
5.70. IDENTIFY: Apply iF = mä to the instrument and calculate the acceleration. Then use constant acceleration 


equations to describe the motion. 
SETUP: The free-body diagram for the instrument is given in Figure 5.70. The instrument has mass 


m=w/g =1.531 kg. 


; ; T- 
EXECUTE: (a) For on the instrument, 2 F, = ma, gives T -mg =maand a= Me = 13.07 m/s? i 
: m 


Vo, =0, v, =330 m/s, a, =13.07 m/s’, t=? Then V,=V%, +a,f gives t=25.3 s . Consider forces on the 
rocket; rocket has the same a, . Let F be the thrust of the rocket engines. F -mg =ma and 

F =m(g + a) = (25,000 kg) (9.80 m/s’ +13.07 m/s?) =5.72x10°N . 

(b) y- y =V%,t +a t gives y — y, = 4170 m. 


EVALUATE: The rocket and instrument have the same acceleration. The tension in the wire is over twice the 
weight of the instrument and the upward acceleration is greater than g. 


mg 


Figure 5.70 


5.71. IDENTIFY: a=dv/dt . Apply DLE = mä to yourself. 


SET Up: The reading of the scale is equal to the normal force the scale applies to you. 
EXECUTE: The elevator’s acceleration is 


a= 20 =3.0 m/s? +2(0.20 m/s*)t =3.0 m/s? + (0.40 m/s*)t 
t 
At t=4.0s,a=3.0 m/s? +(0.40 m/s*)(4.0 s)=4.6 m/s’ . From Newton’s Second Law, the net force on you is 


F 


net 


=F, 


scale 


—w=ma and 


F 


tae = W+ ma = (72 kg)(9.8 m/s’) +(72 kg)(4.6 m/s”) =1040 N 
EVALUATE: a increases with time, so the scale reading is increasing. 
5.72. IDENTIFY: Apply YF = mä to the passenger to find the maximum allowed acceleration. Then use a constant 


acceleration equation to find the maximum speed. 
SETUP: The free-body diagram for the passenger is given in Figure 5.72. 


EXECUTE: )F,=ma, gives n—mg=ma. n=1.6mg ,so a =0.60 g =5.88 m/s’. 


y-Y) =3.0 m, a, =5.88 m/s’, w, =0 so v? =v, +2a,(y—y,) gives v, =5.0 m/s. 
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5.75. 


EVALUATE: A larger final speed would require a larger value of a, , which would mean a larger normal force on 


the person. 
t a 


mg 


Figure 5.72 


IDENTIFY: Apply XF = mä to the package. Calculate a and then use a constant acceleration equation to 


describe the motion. 
SETUP: Let +x be directed up the ramp. 


EXECUTE: (a) F 


net 


=-mgsin37° — f, = -mg sin37° — umg cos37° = ma and 
a =-(9.8 m/s”) (0.602 + (0.30)(0.799)) = -8.25 m/s? 
Since we know the length of the slope, we can use v? =v, + 2a,(x-—x,) with x, =0 and v, =0 at the top. 


vp =-2ax = -2(-8.25 m/s°)(8.0 m)=132 m?/s? and v, =4132 m’/s’ =11.5 m/s 
(b) For the trip back down the slope, gravity and the friction force operate in opposite directions to each other. 
F a =—mgsin37° + umg cos37° = ma and 


a = g(-sin37° +0.30 cos37°) = (9.8 m/s?X((-0.602) + (0.30)(0.799)) = -3.55 m/s? . 
Now we have v, =0, x, =—8.0 m, x=0and v? =v} +2a(x-—x,) =0+2(-3.55 m/s*)(-8.0 m) =56.8 m?/s”, so 


v=4/56.8 m?/s? =7.54 m/s. 


EVALUATE: In both cases, moving up the incline and moving down the incline, the acceleration is directed down 
the incline. The magnitude of a is greater when the package is going up the incline, because mg sin37° and f, are 


in the same direction whereas when the package is going down these two forces are in opposite directions. 
IDENTIFY: Apply iF = mä to the hammer. Since the hammer is at rest relative to the bus its acceleration 
equals that of the bus. 

SETUP: The free-body diagram for the hammer is given in Figure 5.74. 

EXECUTE: 2/F,=ma, gives Tsin74°—mg =0 so Tsin74°=mg. UF. =ma, gives Tcos74° = ma. Divide the 


: a 

second equation by the first: — = and a=2.8 m/s’. 

g  tan7 

EVALUATE: When the acceleration increases the angle between the rope and the ceiling of the bus decreases, 
and the angle the rope makes with the vertical increases. 
BA 


4° 


a 
—_ 


mg 


Figure 5.74 


IDENTIFY: Apply iF = mä to the washer and to the crate. Since the washer is at rest relative to the crate, these 


two objects have the same acceleration. 

SETUP: The free-body diagram for the washer is given in Figure 5.75. 

EXECUTE: It’s interesting to look at the string’s angle measured from the perpendicular to the top of the crate. 
This angle is 6n, =90° — angle measured from the top of the crate . The free-body diagram for the washer then 


string 
leads to the following equations, using Newton’s Second Law and taking the upslope direction as positive: 
+Tsiné, 


ME sın Datope string = M,a and Tsin Peeing = My (a iE g SIND iope) 


+T cos 


string 


=Q and Tcos8,,;,, = M, g cos 0, 


string slope 


-m „g cos 


slope 
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a suk ie . a+ gsin Prope 
Dividing the two equations: tan@,,:,. =————— 
& cos Parone 
For the crate, the component of the weight along the slope is -mg sin jope and the normal force is m,gcos0,,,.- 
3 y a 7 a+ & sin Osten : 
Using Newton’s Second Law again: —m,gsin 0... + MIM, COS Olope =A > bh = ea . This leads to the 
& cos slope 


interesting observation that the string will hang at an angle whose tangent is equal to the coefficient of kinetic 
friction: 


4 = tan Osing = tan(90° — 68°) = tan 22°=0.40. 


string 


EVALUATE: In the limit that 4, > 0, Oring > 0 and the string is perpendicular to the top of the crate. 


string 


As yu, increases, Oing increases. 


string 


0, 


slope 


Myg 


Figure 5.75 


IDENTIFY: Apply XF = má to yourself and calculate a. Then use constant acceleration equations to describe 


the motion. 
SETUP: The free-body diagram is given in Figure 5.76. 
EXECUTE: (a) XF, =ma, gives n=mgcosa. LF. =ma, gives mgsina— f, =ma . Combining these two 


equations, we have a = g(sina — mcos ar) = —3.094 m/s’ . Find your stopping distance: 

v, =0, a, =—3.094 m/s’, Vy, =20 m/s. v? =v, +2a,(x—x,) gives x — x, =64.6 m, which is greater than 40 m. 
You don’t stop before you reach the hole, so you fall into it. 

(b) a, =-3.094 m/s’, x- x, =40 m, v, =0. v? =v}, + 2a,(x—x,) gives v, =16 m/s. 


EVALUATE: Your stopping distance is proportional to the square of your initial speed, so your initial speed is 
proportional to the square root of your stopping distance. To stop in 40 m instead of 64.6 m your initial speed must 


40 m 
64.6 m 


=16 m/s. 


be (20 m/s) 


Figure 5.76 


IDENTIFY: Appl F = mä to each block and to the rope. The key idea in solving this problem is to recognize 
pply p y 


that if the system is accelerating, the tension that block A exerts on the rope is different from the tension that block 
B exerts on the rope. (Otherwise the net force on the rope would be zero, and the rope couldn’t accelerate.) 
SETUP: Take a positive coordinate direction for each object to be in the direction of the acceleration of that 
object. All three objects have the same magnitude of acceleration. 

EXECUTE: The Second Law equations for the three different parts of the system are: 


Block A (The only horizontal forces on A are tension to the right, and friction to the left): -u,m,g +T, =mya. 
Block B (The only vertical forces on B are gravity down, and tension up): m,g — T, =m,a. 

Rope (The forces on the rope along the direction of its motion are the tensions at either end and the weight of the 
portion of the rope that hangs vertically): m, (¢)e +T, —T, =m,a. 
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To solve for a and eliminate the tensions, add the left hand sides and right hand sides of the three equations: 


m, +m,(d/L)—p4,m 
HM, + Mpg + ma( 4) g =(m, +m, +m)a, Oo saan oan i 
A B R 


Ms +mg(d/L) 


(a) When 44 =0, CE Ga, ne 


. As the system moves, d will increase, approaching L as a limit, and thus 


the acceleration will approach a maximum value of a = go Mat Me ; 
(m, +m, +m) 
(b) For the blocks to just begin moving, a>0, so solve 0=[m, +m,(d/L)-u,m,] for d. Note that we must use 


: i L 
static friction to find d for when the block will begin to move. Solving for d, d = — (um; —m,) or 
Mp 


- 10m_ E 7 
FGaggke en en 


(c) When m, =0.04 kg, d = T (0.25(2 kg) -0.4 kg) = 2.50 m . This is not a physically possible situation 


since d > L. The blocks won’t move, no matter what portion of the rope hangs over the edge. 
EVALUATE: For the blocks to move when released, the weight of B plus the weight of the rope that hangs 
vertically must be greater than the maximum static friction force on A, which is wn=4.9N. 


IDENTIFY: Apply Newton’s 1st law to the rope. Let m, be the mass of that part of the rope that is on the table, 
and let m, be the mass of that part of the rope that is hanging over the edge. (m, +m, =m, the total mass of the 


rope). Since the mass of the rope is not being neglected, the tension in the rope varies along the length of the rope. 
Let T be the tension in the rope at that point that is at the edge of the table. 
SET Up: The free-body diagram for the hanging section of the rope is given in Figure 5.78a 


y 


EXECUTE: 
a=0 j T SF, =ma, 
x T-—m,g =0 
| T=m,g 
m8 


Figure 5.78a 


SETUP: The free-body diagram for that part of the rope that is on the table is given in Figure 5.78b. 
y 


EXECUTE: 


m8 
Figure 5.78b 

When the maximum amount of rope hangs over the edge the static friction has its maximum value: 

So = HN = umg 

DF, =a, 

T-f,=0 

T = umg 

Use the first equation to replace T: 

M,§ = UME 

mM, = HM, 


The fraction that hangs over is —* = ae oke 


m mt+tum l+ 


EVALUATE: As „u, — 0, the fraction goes to zero andas u, > œ, the fraction goes to unity. 
IDENTIFY: First calculate the maximum acceleration that the static friction force can give to the case. Apply 
XF = ma tothe case. 
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(a) SETUP: The static friction force is to the right in Figure 5.79a (northward) since it tries to make the case 
move with the truck. The maximum value it can have is f, = uN. 


EXECUTE: 
XF =ma, 

y y 
n—mg =0 
n=mg 
f= un = umg 

Figure 5.79a 
SF. = ma, 
f. =ma 
Hmg = ma 


a = uqg = (0.30)(9.80 m/s”) = 2.94 m/s? 
The truck’s acceleration is less than this so the case doesn’t slip relative to the truck; the case’s acceleration is 
a =2.20 m/s? (northward). Then f, = ma = (30.0 kg)(2.20 m/s’) = 66 N, northward. 


(b) IDENTIFY: Now the acceleration of the truck is greater than the acceleration that static friction can give the 
case. Therefore, the case slips relative to the truck and the friction is kinetic friction. The friction force still tries to 
keep the case moving with the truck, so the acceleration of the case and the friction force are both southward. The 
free-body diagram is sketched in Figure 5.79b. 
SET Up: 

y EXECUTE: 


f. = umg = (0.20)(30.0 kg)(9.80 m/s”) 
mg JF, =59 N, southward 
Figure 5.79b 


. MEO: i 59 N ; ; : 
EVALUATE: f,=ma implies a= k = = 2.0 m/s’. The magnitude of the acceleration of the case is less 
m 30.0kg 
than that of the truck and the case slides toward the front of the truck. In both parts (a) and (b) the friction is in the 
direction of the motion and accelerates the case. Friction opposes relative motion between two surfaces in contact. 


IDENTIFY: Apply iF = ma to the car to calculate its acceleration. Then use a constant acceleration equation to 


find the initial speed. 

SETUP: Let +x be in the direction of the car’s initial velocity. The friction force f, is then in the —x-direction . 
192 ft=58.52m. 

EXECUTE: n=mgand f, = 44mg . XF, =ma, gives —4,mg = ma, and 

a, =-4,g = —(0.750)(9.80 m/s”) = -7.35 m/s”. v, =0 (stops), x— x, =58.52 m. v? =v, +2a,(x-— x) gives 

Voy =4/—2a, (xX — Xo) =, 2(-7.35 m/s*)(58.52 m) = 29.3 m/s = 65.5 mi/h . He was guilty. 


2 


EVALUATE: x-X, = n Yor = oe . If his initial speed had been 45 mi/h he would have stopped in 
a. a, 
45 mi/h Y 
Asmin I (92 fy =91 ft. 
65.5 mi/h 


IDENTIFY: Appl F = mä to the point where the three wires join and also to one of the balls. By symmetry 
pply P J 


the tension in each of the 35.0 cm wires is the same. 
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SET Up: The geometry of the situation is sketched in Figure 5.81a. The angle ¢ that each wire makes with the 


vertical is given by sing= = = 


g and ¢=15.26°. Let T, be the tension in the vertical wire and let T, be the 
.5 cm 


tension in each of the other two wires. Neglect the weight of the wires. The free-body diagram for the left-hand 
ball is given in Figure 5.81b and for the point where the wires join in Figure 5.81c. n is the force one ball exerts on 
the other. 


EXECUTE: (a) J.F, = ma, applied to the ball gives T, cosø -mg =0. 
T, = mg _ (15.0 kg)(9.80 m/s”) 
cos¢ cos15.26° 

T, =2(152 N)cos¢=294N. 
(b) XF, = ma, applied to the ball gives n- T, sing =Oand n = (152 N)sin15.26° = 40.0 N . 


EVALUATE: T, equals the total weight of the two balls. 


=152 N . Then DF, =ma, applied in Figure 5.81c gives T, — 2T, cosø = 0 and 


35.0 cm 


mg 


Figure 5.81a—c 


IDENTIFY: Apply XF = má to the box. Compare the acceleration of the box to the acceleration of the truck and 


use constant acceleration equations to describe the motion. 
SETUP: Both objects have acceleration in the same direction; take this to be the +x -direction. 
EXECUTE: Ifthe block were to remain at rest relative to the truck, the friction force would need to cause an 


acceleration of 2.20 m/ s’; however, the maximum acceleration possible due to static friction is 
(0.19)(9.80 m/s’) =1.86 m/s’, and so the block will move relative to the truck; the acceleration of the box 


would be 44g =(0.15)(9.80 m/ s°)=1.47 m/ s°. The difference between the distance the truck moves and the 
distance the box moves (i.e., the distance the box moves relative to the truck) will be 1.80 m after a time 


j CL ye 
dauk o \ (2.20 m/s? -1.47 m/s’) 


truck 
£? =1(2.20m/s’) (2.221 s)? =5.43 m. 
EVALUATE: To prevent the box from sliding off the truck the coefficient of static friction would have to be 
u, = (2.20 m/s’)/g =0.224. 


IDENTIFY: Apply YF =ma to each block. Forces between the blocks are related by Newton’s 3rd law. The 


In this time, the truck moves 4a 


truck 


target variable is the force F. Block B is pulled to the left at constant speed, so block A moves to the right at 
constant speed and a=0 for each block. 


SET Up: The free-body diagram for block A is given in Figure 5.83a. n,, is the normal force that B exerts on A. 
Jsa = Lpa 18 the kinetic friction force that B exerts on A. Block A moves to the right relative to B, and f,, 


opposes this motion, so f,, is to the left. 
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Note also that F acts just on B, not on A. 
` 


EXECUTE: 

IF =ma, 

nga -W, =9 

Ng, =1.40 N 

| Joa = Langa = (0.30)(1.40 N) = 0.420 N 
w 

Figure 5.83a 


XF, =m; 
T — fea =0 
T = fp, =0.420 N 


SETUP: The free-body diagram for block B is given in Figure 5.83b. 


y 


NAB 

Figure 5.83b 
EXECUTE: n,,, is the normal force that block A exerts on block B. By Newton’s third law n,, and n,, are equal 
in magnitude and opposite in direction, so n,, =1.40 N. f,, is the kinetic friction force that A exerts on B. Block 
B moves to the left relative to A and f,, opposes this motion, so f,, is to the right. 
Jag = Lnag = (0.30)(1.40 N) = 0.420 N. 
nand f, are the normal and friction force exerted by the floor on block B; f, = 44n. Note that block B moves to 
the left relative to the floor and f, opposes this motion, so f, is to the right. 
XF, =ma, 
N—-W,-N4, =9 
n=w, +n, =4.20N+1.40 N=5.60 N 
Then f, = 4,2 =(0.30)(5.60 N) =1.68 N. 
DF, = ma, 
fia tT+f-F=0 
F =T + fg + fe =0.420 N+0.420 N +1.68 N =2.52 N 
EVALUATE: Note that f,, and f,, are a third law action-reaction pair, so they must be equal in magnitude and 


opposite in direction and this is indeed what our calculation gives. 
IDENTIFY: Apply iF = mä to the person to find the acceleration the PAPS unit produces. Apply constant 


acceleration equations to her free-fall motion and to her motion after the PAPS fires. 
SETUP: We take the upward direction as positive. 


EXECUTE: The explorer’s vertical acceleration is —3.7 m/ s° for the first 20 s. Thus at the end of that time her 


vertical velocity will be v, =a,t=(-3.7 m/s°)(20 s) =—74 m/s. She will have fallen a distance 


d =Vyt = (a) (20 s) =—740 m and will thus be 1200 m—740 m= 460 m above the surface. Her vertical 


velocity must reach zero as she touches the ground; therefore, taking the ignition point of the PAPS as 
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v-v, O0-(-74 m/s)? 
=0, v =v +2a(y- ives a =—— = =5.95 m/s’ , which is the vertical 
b= Oe Noss POL Sy) BNE in /s* , 


acceleration that must be provided by the PAPS. The time it takes to reach the ground is given by 


ayy _0-(-74 m -124s 
a, 5.95 m/s 


y 


Using Newton’s Second Law for the vertical direction F,,),, + mg = ma . This gives 


Fps, =ma —mg = m(a + g) = (150 kg)(5.95 —(-3.7)) m/s? =1450 N , 
which is the vertical component of the PAPS force. The vehicle must also be brought to a stop horizontally in 
12.4 seconds; the acceleration needed to do this is 
“VEN _ 0-33 m/s? 
t 12.4 s 
and the force needed is Fy,ps, = ma = (150 kg)(2.66 m/s?) =400 N, since there are no other horizontal forces. 


EVALUATE: The acceleration produced by the PAPS must bring to zero both her horizontal and vertical 
components of velocity. 


IDENTIFY: Apply SF = ma to each block. Parts (a) and (b) will be done together. 


a s 


=2.66 m/s? 


Figure 5.85a 


Note that each block has the same magnitude of acceleration, but in different directions. For each block let the 
direction of @ be a positive coordinate direction. 
SETUP: The free-body diagram for block A is given in Figure 5.85b. 


y 


EXECUTE: 
| Typ Du, =ma, 
a 
Tyg — MZ =m,a 
x Typ = mı (a + g) 
i : T,» = 4.00 kg(2.00 m/s? +9.80 m/s?) = 47.2 N 
At 


Figure 5.85b 
SETUP: The free-body diagram for block B is given in Figure 5.85b. 


EXECUTE: 


Figure 5.85c 


f, = mn = gm, g = (0.25)(12.0 kg)(9.80 m/s”) = 29.4 N 


Tye = Tig + fi + mpa =47.2 N +29.4 N +(12.0 kg)(2.00 m/s”) 
Tc = 100.6 N 
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SETUP: The free-body diagram for block C is sketched in Figure 5.85d. 


EXECUTE: 


MA(¥—a)=T ye 
Toe 100.6 N 

Mo = = 7 7 
g-a 9.80 m/s“ -2.00 m/s 


=12.9 kg 


Figure 5.85d 


EVALUATE: Ifall three blocks are considered together as a single object and iF = ma is applied to this 
combined object, mog —m,g — 4,m,g =(m,+m,+m,)a. Using the values for 44, m, and m, given in the 
problem and the mass m, we calculated, this equation gives a = 2.00 m/s”, which checks. 

IDENTIFY: Apply YF = ma to each block. They have the same magnitude of acceleration, a. 


SETUP: Consider positive accelerations to be to the right (up and to the right for the left-hand block, down and 
to the right for the right-hand block). 

EXECUTE: (a) The forces along the inclines and the accelerations are related by 

T - (100 kg)g sin30° = (100 kg)a and (50 kg)gsin 53° -T =(50 kg)a, where T is the tension in the cord and a the 
mutual magnitude of acceleration. Adding these relations, 

(50 kg sin 53°—100 kg sin 30°)g = (50 kg +100 kg)a, or a = —0.067 g. Since a comes out negative, the blocks will 
slide to the left; the 100-kg block will slide down. Of course, if coordinates had been chosen so that positive 
accelerations were to the left, a would be +0.067g. 


(b) a =0.067(9.80 m/s?) =0.658 m/s . 

(c) Substituting the value of a (including the proper sign, depending on choice of coordinates) into either of the 
above relations involving T yields 424 N. 

EVALUATE: For part (a) we could have compared mg sin @ for each block to determine which direction the 
system would move. 

IDENTIFY: Let the tensions in the ropes be 7, and 7,. 


m 
a 


Figure 5.87a 
Consider the forces on each block. In each case take a positive coordinate direction in the direction of the 
acceleration of that block. 
SETUP: The free-body diagram for m, is given in Figure 5.87b. 


y 


EXECUTE: 


DF, = ma, 


T =ma, 


; 
m 18 


Figure 5.87b 
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SETUP: The free-body diagram for m, is given in Figure 5.87c. 


x EXECUTE: 
ZF, F ma, 


m,g —T, =m,a, 


Figure 5.87c 


This gives us two equations, but there are 4 unknowns (7,, 7,, a, and a, ) so two more equations are required. 
SETUP: The free-body diagram for the moveable pulley (mass m) is given in Figure 5.87d. 


x EXECUTE: 
mg i | Oe, TMa 


mg +T, —2T, = ma 


Figure 5.87d 


But our pulleys have negligible mass, so mg = ma =0 and T, = 27,. Combine these three equations to eliminate T, 
and T,: m,g—T, =m,a, gives m,g — 2T, = m,a,. And then with T, =m,a, we have m,g —2m,a, =m,a,. 

SETUP: There are still two unknowns, a, and a,. But the accelerations a, and a, are related. In any time 
interval, if m, moves to the right a distance d, then in the same time m, moves downward a distance d/2. One of 


the constant acceleration kinematic equations says x —x, =v),f++a,t°, so if m, moves half the distance it must 
have half the acceleration of m,: a,=a,/2, or a, =2a,. 

EXECUTE: This is the additional equation we need. Use it in the previous equation and get 

m,g — 2m,(2a,) = m,a. 

a, (4m, + m,) =m,g 

He m,g 2m,g 


= and a, =2a, = 
4m, +m, 


4m, +m, 
EVALUATE: If m,—>0 orm >œ, a,=a,=0. If m,>>m, a,=g and a, =2g. 
IDENTIFY: Apply YF = ma to block B, to block A and B as a composite object and to block C. If A and B slide 


together all three blocks have the same magnitude of acceleration. 

SET Up: If A and B don’t slip the friction between them is static. The free-body diagrams for block B, for blocks 
A and B, and for C are given in Figures 5.88a-c. Block C accelerates downward and A and B accelerate to the right. 
In each case take a positive coordinate direction to be in the direction of the acceleration. Since block A moves to 
the right, the friction force f, on block B is to the right, to prevent relative motion between the two blocks. When C 


has its largest mass, f, has its largest value: f, = 4n. 
EXECUTE: ye = ma, applied to the block B gives f,=m,a.n=m,g and f, = u,mpg . H,Mgg =m,a and 
a=Ug. XF, = ma applied to blocks A+ B gives T=m,,a =m p42 . DE, = ma, applied to block C gives 


0.750 


m 
mg-T=m a. Mmg -Mpt g =Mc4g . Me se = (5.00 kg +8.00 oL 


S 


}=390 kg. 
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EVALUATE: With no friction from the tabletop, the system accelerates no matter how small the mass of C is. 
If mois less than 39.0 kg, the friction force that A exerts on B is less than u,n . If mọ is greater than 39.0 kg, 
blocks C and A have a larger acceleration than friction can give to block B and A accelerates out from under B. 


y y 
j a 3 
| T l: 


mcg 
| 
Mpg Mapg y 
block B blocks A+B block C 
Figure 5.88 


IDENTIFY: Apply the method of Exercise 5.19 to calculate the acceleration of each object. Then apply constant 
acceleration equations to the motion of the 2.00 kg object. 
SETUP: After the 5.00 kg object reaches the floor, the 2.00 kg object is in free-fall, with downward acceleration g. 


EXECUTE: The 2.00-kg object will accelerate upward at oS OO eta 00k: =3g/7, and the 5.00-kg object will 


accelerate downward at 3g/7. Let the initial height above the ground be h,. When the large object hits the 
ground, the small object will be at a height 2h, , and moving upward with a speed given by vj =2ah, =6gh,/7. 
The small object will continue to rise a distance vi / 2g =3h,/7, and so the maximum height reached will be 
2h, + 3h, /7 =17h, /7 =1.46 m above the floor , which is 0.860 m above its initial height. 


EVALUATE: The small object is 1.20 m above the floor when the large object strikes the floor, and it rises an 
additional 0.26 m after that. 


IDENTIFY: Apply JF = mä to the box. 

SETUP: The box has an upward acceleration of a =1.90 m/s” . 

EXECUTE: The floor exerts an upward force n on the box, obtained from n—mg =ma, or n=m(a+g). The 
friction force that needs to be balanced is 


Ln = u,m(a +g) =(0.32)(28.0 kg)(1.90 m/s? +9.80 m/s) =105 N. 


EVALUATE: Ifthe elevator wasn't accelerating the normal force would be n = mg and the friction force that 


would have to be overcome would be 87.8 N. The upward acceleration increases the normal force and that 
increases the friction force. 


IDENTIFY: Apply DF =ma to the block. The cart and the block have the same acceleration. The normal force 


exerted by the cart on the block is perpendicular to the front of the cart, so is horizontal and to the right. The 
friction force on the block is directed so as to hold the block up against the downward pull of gravity. We want to 
calculate the minimum a required, so take static friction to have its maximum value, f, = 4n. 


SETUP: The free-body diagram for the block is given in Figure 5.91. 


EXECUTE: 


XF, = ma, 


n=ma 


f= sn = uma 


mg 


Figure 5.91 


SF =ma, 
f,—mg =0 

Homa = mg 

a=g/ 4 

EVALUATE: An observer on the cart sees the block pinned there, with no reason for a horizontal force on it 
because the block is at rest relative to the cart. Therefore, such an observer concludes that n =0 and thus f, =0, 


and he doesn’t understand what holds the block up against the downward force of gravity. The reason for this 
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5.94. 


difficulty is that XF =ma does not apply in a coordinate frame attached to the cart. This reference frame is 
accelerated, and hence not inertial. The smaller jv, is, the larger a must be to keep the block pinned against the 
front of the cart. 

IDENTIFY: Apply J, F = mä to each block. 

SET Up: Use coordinates where +x is directed down the incline. 

EXECUTE: (a) Since the larger block (the trailing block) has the larger coefficient of friction, it will need to be 


pulled down the plane; i.e., the larger block will not move faster than the smaller block, and the blocks will have 
the same acceleration. For the smaller block, (4.00 kg)g(sin30° —(0.25)cos 30°)-—T =(4.00 kg)a, or 


11.11 N-—T =(4.00 kg)a, and similarly for the larger, 15.44 N +T = (8.00 kg)a . Adding these two relations, 
26.55 N=(12.00 kg)a, a=2.21 m/s’. 

(b) Substitution into either of the above relations gives T =2.27 N. 

(©) The string will be slack. The 4.00-kg block will have a =2.78 m/s’ and the 8.00-kg block will have 

a=1.93 m/s’, until the 4.00-kg block overtakes the 8.00-kg block and collides with it. 

EVALUATE: Ifthe string is cut the acceleration of each block will be independent of the mass of that block and 
will depend only on the slope angle and the coefficient of kinetic friction. The 8.00-kg block would have a smaller 
acceleration even though it has a larger mass, since it has a larger 44 . 

IDENTIFY: Apply iF = mä to the block and to the plank. 

SET Up: Both objects have a=0. 

EXECUTE: Let n, be the normal force between the plank and the block and n, be the normal force between the 
block and the incline. Then, n, = wcos@ and n, =n, +3wcos@ =4wcos@. The net frictional force on the block is 
(1, +n) = 4, 5wcos0 . To move at constant speed, this must balance the component of the block’s weight 
along the incline, so 3wsin@ = ,5wcos@, and 44 = tan =2tan37° = 0.452. 

EVALUATE: In the absence of the plank the block slides down at constant speed when the slope angle and 
coefficient of friction are related by tan 0 = ys, . For 0 =36.9° , uw, =0.75 . A smaller yz, is needed when the plank 
is present because the plank provides an additional friction force. 

IDENTIFY: Apply YF = ma to the ball, to m,and to m, 

SETUP: The free-body diagrams for the ball, m,and m, are given in Figures 5.94a-c. All three objects have the 
same magnitude of acceleration. In each case take the direction of a to be a positive coordinate direction. 
EXECUTE: (a) XF, = ma, applied to the ball gives T cos8 =mg . XF, = ma, applied to the ball gives 

T sin 0 = ma . Combining these two equations to eliminate T gives tanO=a/g . 

(b) XF, = ma, applied to m, gives T = m,a . XF, = ma, applied to m, gives mg —T = ma . Combining these 
m, m  _ 250kg 
m +m, 1500 kg 


(c) As m becomes much larger than m, , a > g and tan0->1,s0 8 — 45°. 


two equations gives a -( Je . Then tan = and 0=9.46°. 


m +m, 


EVALUATE: The device requires that the ball is at rest relative to the platform; any motion swinging back and 
forth must be damped out. When m, << m, the system still accelerates, but with small a and 8 — 0° . 


T cos 
| —— 


a 
x n 
yK 
—x 


mg mg y 


Figure 5.94a—c 


|: 


x 


T 
mg 
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5.95. IDENTIFY: Apply XF = mä to the automobile. 


2 
SETUP: The "correct" banking angle is for zero friction and is given by tan J = a , as derived in Example 5.23. 
& 


Use coordinates that are vertical and horizontal, since the acceleration is horizontal. 
EXECUTE: For speeds larger than v, , a frictional force is needed to keep the car from skidding. In this case, the 


inward force will consist of a part due to the normal force n and the friction force f; n sinp + fcos p =ma,,,. The 


rad* 


normal and friction forces both have vertical components; since there is no vertical acceleration, 


; : ; v2 0.5%) 
n cosß — f sinp = mg. Using f = un and apa =R R 


nsin J + uncos p =2.25 mg tan p and ncos p- unsin p = mg . Dividing to cancel n gives 


E ASER =2.25 tanp. Solving for 4, and simplifying yields 44 = Tee, 

cos 2 — usin 2 i ©  1+1.25sin° B 
(20 m/s)’ 

(9.80 m/s?)(120 m) 


EVALUATE: If 4, is insufficient, the car skids away from the center of curvature of the roadway, so the friction in 


= 2.25 gtan p, these two relations become 


Using 


B= ata - 18.79° gives 4, = 0.34. 


inward. 


5.96. IDENTIFY: Apply YF =ma to the car. The car moves in the arc of a horizontal circle, so a =4,,, directed 


rad, 


toward the center of curvature of the roadway. The target variable is the speed of the car. a,,, will be calculated 


rad 
from the forces and then v will be calculated from a,,, =v’ /R. 

(a) To keep the car from sliding up the banking the static friction force is directed down the incline. At maximum 
speed the static friction force has its maximum value f, = 4,n. 

SETUP: The free-body diagram for the car is sketched in Figure 5.96a. 


y 

EXECUTE: 

De =ma, 

ncos 8 — f,sinB-—mg =0 
But f, = un, so 


ncos p — unsin p -mg =0 
je E - 
cos p — usin B 


fain h 
Figure 5.96a 


Pye S ma, 
nsin J + uncos p = mapa 
n(sin J + 4, cos J) = mapa 


Use the XF, equation to replace n: 


mg ee i 
[sn + acon MA ag 


(arest), _ ae KAE Joso m/s?) =8.73 mis? 


rad 


cos 2 — u, sin B cos 25° — (0.30)sin 25° 


Ang =V°/R implies v=,/a,,,R =4(8.73 m/s*)(50 m) =21 m/s. 


(b) IDENTIFY: To keep the car from sliding down the banking the static friction force is directed up the incline. 
At the minimum speed the static friction force has its maximum value f, = yn. 
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5.99. 


a 
oe 


SETUP: The free-body diagram for the car is sketched in Figure 5.96b. 


noop 


The free-body diagram is identical to that 
in part (a) except that now the components 
of f, have opposite directions. The force 


equations are all the same except for the 
opposite sign for terms containing 44. 


Figure 5.96b 
Erret oes sin J — 4, cos | _{ sin25°—(0.30)cos25° (9.80 m/s?) =1.43 m/s? 
© mi | cos B+ u, sin B cos25° + (0.30)sin 25°) l 


v = Ja „aR = (1.43 m/s’)(50 m) =8.5 m/s. 

EVALUATE: For v between these maximum and minimum values, the car is held on the road at a constant height 
by a static friction force that is less than u,n. When u, —>0, a,,, =gtan 2. Our analysis agrees with the result of 
Example 5.23 in this special case. 

IDENTIFY: Apply YF = mä to the car. 


SETUP: 1 mi/h =0.447 m/s . The acceleration of the car is a,,, =v’ /r , directed toward the center of curvature 
of the roadway. 
EXECUTE: (a) 80 mi/h =35.7 m/s . The centripetal force needed to keep the car on the road is provided by 


mv’ v? — (85.7 m/s) 


friction; thus umg = and r= = =171m. 
ners mg (0760.8 m/s’) 


(b) If u, =0.20, 


v= r Ug = Ja7ı m) (0.20) (9.8 m/s”) =18.3 m/s or about 41 mi/h. 
(c) If 4, =0.37, 


v= Ja71 m) (0.37) (9.8 m/s”) = 24.9 m/s or about 56 mi/h 
The speed limit is evidently designed for these conditions. 
EVALUATE: The maximum safe speed is proportional to Ju . ¥0.20/0.76 =0.51, so the maximum safe speed 


for wet-ice conditions is about half what it is for a dry road. 


IDENTIFY: The analysis of this problem is the same as that of Example 5.21. 
2 


SETUP: From Example 5.21, tan 2 = fat, 
§ TE 
EXECUTE: Solving for v in terms of 8 and R, v=./gR tan B = (9.80 m/s’) (50.0) tan 30.0° =16.8 m/s, about 


60.6 km/h. 

EVALUATE: The greater the speed of the bus the larger will be the angle 2 , so T will have a larger horizontal, 
inward component. 

IDENTIFY and SET Up: The monkey and bananas have the same mass and the tension in the rope has the same 
upward value at the bananas and at the monkey. Therefore, the monkey and bananas will have the same net force 
and hence the same acceleration, in both magnitude and direction. 

EXECUTE: (a) For the monkey to move up, T > mg . The bananas also move up. 


(b) The bananas and monkey move with the same acceleration and the distance between them remains constant. 
(c) Both the monkey and bananas are in free fall. They have the same initial velocity and as they fall the distance 
between them doesn’t change. 

(d) The bananas will slow down at the same rate as the monkey. If the monkey comes to a stop, so will the 
bananas. 

EVALUATE: None of these actions bring the monkey any closer to the bananas. 
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IDENTIFY: Apply X F =mda, with f =kv. 
SET Up: Follow the analysis that leads to Eq.(5.10), except now the initial speed is v,, =3mg/k = 3v, rather than 


zero. 
EXECUTE: The separated equation of motion has a lower limit of 3v, instead of 0; specifically, 


f dv S Ni voi = kr or v=2y, l omy 
Vy, -2y 2v, 2 m 2 


3v t t 


EVALUATE: As t— œ the speed approaches v,. The speed is always greater than v, and this limit is approached 
from above. 

IDENTIFY: Apply >) F = mä to the rock. 

SET Up: Equations 5.9 through 5.13 apply, but with a, rather than g as the initial acceleration. 

EXECUTE: (a) The rock is released from rest, and so there is initially no resistive force and 

a, = (18.0 N)/(3.00 kg) = 6.00 m/s’. 

(b) (18.0 N- (2.20 N-s/m) (3.00 m/s))/(3.00 kg) =3.80 m/s’. 

(c) The net force must be 1.80 N, so Av=16.2 N and v=(16.2 N)/(2.20 N-s/m) =7.36 m/s. 

(d) When the net force is equal to zero, and hence the acceleration is zero, kv, =18.0 N and 

v, = (18.0 N)/(2.20 N-s/m) =8.18 m/s. 

(e) From Eq.(5.12), 

3.00 kg 


(1 E e22 N-s/m)/(3.00 kg))(2.00 s) ) =+7.78 m. 


From Eq. (5.10), v=(8.18 m/s)[1— eC? N/E e09] — 6.29 m/s. 
From Eq.(5.11), but with a, instead of g, a =(6.00 m/s?)e (7 NYM/G-% 2S 7 38 m/s”, 
() 1---=0.1=e"" and (=F In (10) =3.14s. 


t 


EVALUATE: The acceleration decreases with time until it becomes zero when v = v, . The speed increases with 


time and approaches v, as t> œ. 


IDENTIFY: Apply XF = mä to the rock. a= A and v= = yield differential equations that can be integrated to 
t t 


give v(t) and x(t). 
SET UP: The retarding force of the surface is the only horizontal force acting. 


Fa F, -kw d d k a vd k 
EXECUTE: (a) Thus a = 7% =— = =" and as = dt . Integrating gives Í “= -> f at and 
/2 AN2 
m m m dt v m wy mo 
; kt o.. viekt kr 
2y"? ” =—— , This gives v =v, -—-~— + =i 
i m m 4m 
Pit kre Vktdt k’tdt 
For the rock’s position: T2 Vo Yo } -and dx =v,dt— Yo Mee Ta —. 
dt m 4m m 4m 


vP PP 


Integrating gives x = vt — ; 
Seane D ° 2m 12m 


vk kr 
+ z: 
m 


(b) v=0=y,- This is a quadratic equation in t; from the quadratic formula we can find the single 


2mv!? 
solution t = =——— 


(C) Substituting the expression for ¢ into the equation for x: 


2mvi? vk 4m°v k? Sm? 2m? 
Ok m È m P 3k 

Av Vo Li? 
At| (Qmv'?/k) 2 m 


X=V 


EVALUATE: The magnitude of the average acceleration is a,, = . The average force is 


F, =ma,, = thy? , which is 4 times the initial value of the force. 


av 
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IDENTIFY: Apply iF = mä to the object, with and without including the buoyancy force. 
SET Up: At the terminal speed v,, a=0. 


EXECUTE: Without buoyancy, kv, = mg, so k = ms = sae . With buoyancy included there is the additional 
v 3658 


t 
0.24 m/s 
———— |=mg/3. 

0.36 =) / 

EVALUATE: At the terminal speed, B and f =kv together equal mg. The presence of B reduces the value of f 


upward buoyancy force B, so B+kv,=mg. B = mg — kv, = mel - 


required, so the presence of B reduces the terminal speed. 
IDENTIFY: The block has acceleration a,,,=v’/r , directed to the left in the figure in the problem. Apply 


YF = mä to the block. 


ET UP: e block moves in a horizontal circle of radius r =,/(1.25 m)° — (1.00 m)“ =0.75 m. Each strin 
SET U The block in a hori l circle of radi 1.25 m}? - (1.00 m}? =0.75 Each string 


makes an angle @ with the vertical. cos 0 = es , so 0 =36.9° . The free-body diagram for the block is given in 
m 


Figure 5.104. Let +x be to the left and let +y be upward. 
EXECUTE: (a) SF, =ma, gives T,cos@—T,cos@—mg =0. 


2 
ae ae mS _gn0Nn (4.00 kg)(9.80 m/s”) 
cos@ cos 36.9° 


=31.0N. 


2 


(b) XF, =ma, gives (T, +T)sinĝ=m>. 
r 


=3.53 m/s . The number of revolutions per second is 


A (a +7,)sin@ _ [(0.75 m)(80.0 N +31.0 N)sin36.9° 
4.00 kg 


m 


v _ 3.53 m/s 


— = ———_ = 0.749 rev/s = 44.9 rev/min . 
2ar  27(0.75 m) 


2 2 
OFT SO, Resdemead 7 ee OM WO PMS) 9 0.N Pind Sn 
cos 0 cos36.9° r 
v= [Z SiG z AO SE NSE 2.35 m/s . The number of revolutions per minute is 
m 4.00 kg 


2.35 m/s 
3.53 m/s 


EVALUATE: The tension in the upper string must be greater than the tension in the lower string so that together 
they produce an upward component of force that balances the weight of the block. 


(44.9 revi) = 29.9 rev/min 


drad 


T,sin@ | N 


x Sth 
T,sin@ | “i 


I 

l F dinss mg 
i m 
a E T\cos@ 


Figure 5.104 


IDENTIFY: Apply YF = mä to the falling object. 


SETUP: Follow the steps that lead to Eq.(5.10), except now v,, = v, and is not zero. 
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Vy, 


. dv, mg dv, kt as 
EXECUTE: (a) Newton’s 2nd law gives m—~— = mg — kv,, where =y. Í 7 = fae . This is the same 
dt i k oy Mt my 


expression used in the derivation of Eq. (5.10), except the lower limit in the velocity integral is the initial speed v, 
instead of zero. Evaluating the integrals and rearranging gives v =v,e“" +v, (1 —e™™") . Note that at t=0 this 
expression says v, =v, and at >a it says v, => v,. 

(b) The downward gravity force is larger than the upward fluid resistance force so the acceleration is downward, 


until the fluid resistance force equals gravity when the terminal speed is reached. The object speeds up 

until v, =v,. Take +y to be downward. The graph is sketched in Figure 5.105a. 

(c) The upward resistance force is larger than the downward gravity force so the acceleration is upward and the 
object slows down, until the fluid resistance force equals gravity when the terminal speed is reached. Take +y to 
be downward. The graph is sketched in Figure 5.105b. 

(d) When v, =v, the acceleration at t = 0 is zero and remains zero; the velocity is constant and equal to the 
terminal velocity. 

EVALUATE: In all cases the speed becomes v, as t> œ. 


Figure 5.105a, b 


IDENTIFY: Apply >) F = mä to the rock. 

SET Up: At the maximum height, v,=0.Let +y be upward. Suppress the y subscripts on v and a. 

EXECUTE: (a) To find the maximum height and time to the top without fluid resistance: v? =v) +2a(y—y,) and 
2 2 2 

y =v _0-(6.0 m/s) rel an, pt 6.0 m/s 


z =0.61s. 
2a 2-98 m/s?) a 98 m/s? 5 


Y= Yo 


(b) Starting from Newton’s Second Law for this situation m” =mg —kv . We rearrange and integrate, taking 
t 


downward as positive as in the text and noting that the velocity at the top of the rock’s flight is zero: 
k -2. 
f AE E Das 
yyy, m 6.0 m/s—2.0 m/s 


From Eq.(5.9), m/k =v,/g = (2.0 m/s*)/(9.8 m/s?) =0.204 s, and ¢=—44(—1.386) = (0.204 s) (1.386) = 0.283 s 


Vv 
t =]n 


t 


E 
,=ln 


= In(0.25) = -1.386 


: : ; dx (k/m (k/m 
to the top. Equation 5.10 in the text gives us a (ETA E 
t 


x t t 
3 v, m 
x= fdx= fvat- fye dt =vt +e 1). 
0 0 0 k 


x=(2.0 m/s) (0.283 s) + (2.0 m/s) (0.204 se '**’ —1) =0.26 m. 

EVALUATE: With fluid resistance present the maximum height is much less and the time to reach it is less. 
IDENTIFY: Apply XF = mä to the car. 

SETUP: The forces on the car are the air drag force f, = Dv’ and the rolling friction force umg. Take the 
velocity to be in the +x -direction. The forces are opposite in direction to the velocity. 

EXECUTE: (a) ÈŁF,=ma, gives —Dv’ — umg = ma . We can write this equation twice, once with v =32 m/s 
and a =- 0.42 m/ s? and once with v=24 m/s and a =-—0.30 m/s’. Solving these two simultaneous equations in 
the unknowns D and u, gives u, =0.015 and D=0.36 N-s?/m’. 

(b) n=mgcosf and the component of gravity parallel to the incline is mg sin 2 , where g =2.2°. For constant 


speed, mg sin 2.2°— umg cos2.2° — Dv’ =0. Solving for v gives v=29 m/s. 
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mg (sin 2 - u, cosp) 
D 


object is derived from Dv’ -mg =0, so v, =;/mg/D. v/v, =,/sin 2 — u, cos p . And since 
4, =0.015, v/v, = sin 2 - (0.015) cos£ . 
EVALUATE: In part (c), v — v, as 8 > 90° , since in that limit the incline becomes vertical. 


(c) For angle 2, mg sin £ — umg cos 8 — Dv’ =0 and v= | . The terminal speed for a falling 


IDENTIFY: Apply SF = mä to the person and to the cart. 


SET Up: The apparent weight, w, > 


EXECUTE: (a) The apparent weight is the actual weight of the person minus the centripetal force needed to keep 
him moving in its circular path: 


which is the same as the upward force on the person exerted by the car seat. 


mv. (12 m/s)? 
_ =mg -—— =(70 kg) | (9.8 m/s?) -= | = 434 N. 
Wp = mg ——— = (70 kg) [ /s*) TGs 


(b) The cart will lose contact with the surface when its apparent weight is zero; i.e., when the road no longer has to 


2 
exert any upward force on it: mg T =0. v=./Rg =./(40 m) (9.8 m/s’) =19.8 m/s . The answer doesn’t 


depend on the cart’s mass, because the centripetal force needed to hold it on the road is proportional to its mass and 
so to its weight, which provides the centripetal force in this situation. 

EVALUATE: At the speed calculated in part (b), the downward force needed for circular motion is provided by 
gravity. For speeds greater than this more, downward force is needed and there is no source for it and the cart 
leaves the circular path. For speeds less than this, less downward force than gravity is needed, so the roadway must 
exert an upward vertical force. 

(a) IDENTIFY: Use the information given about Jena to find the time ¢ for one revolution of the merry-go-round. 


Her acceleration is a,,,, directed in toward the axis. Let F be the horizontal force that keeps her from sliding off. 
Let her speed be v, and let R, be her distance from the axis. Apply YF =ma to Jena, who moves in uniform 


circular motion. 
SETUP: The free-body diagram for Jena is sketched in Figure 5.109a 
y EXECUTE: 


: RF 
| F =m, v =, |22 =1.90 m/s 
mg R, m 


Figure 5.109a 


: TRE 2aR | R ; ; 
The time for one revolution is ¢ =~"! = 2nR, = . Jackie goes around once in the same time but her speed 
Vi i 
(v,) and the radius of her circular path (R,) are different. 


g= 2mR, =I, 1 [RE _R, IRF, l 
t 2nR, m R\m 


IDENTIFY: Now apply iF =ma to Jackie. She also moves in uniform circular motion. 
SETUP: The free-body diagram for Jackie is sketched in Figure 5.109b. 
F 


EXECUTE: 


F, = MA aa 
mg 


Figure 5.109b 


[#4)- R: |g -28 ™ \600 N) =120.0N 
R 1.80m 


2 
(ire eis T _ [020.0 N)B.60 m) _ 70 ms 
R, 30.0 kg 
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5.110. 


5.111. 


EVALUATE: Both girls rotate together so have the same period T. By Eq.(5.16), a,,, is larger for Jackie so the 
force on her is larger. Eq.(5.15) says R,/v, =R,/v, so v, =v,(R,/R,); this agrees with our result in (a). 


IDENTIFY: Apply YF = mä to the passenger. The passenger has acceleration a,,, , directed inward toward the 
center of the circular path. 
SET Up: The passenger’s velocity is v = 27 R/t =8.80 m/s. The vertical component of the seat’s force must 


balance the passenger’s weight and the horizontal component must provide the centripetal force. 
2 
EXECUTE: (a) F, 


seat 


=188 N . Therefore 


seat 


sin ð = mg =833N and F „cos = - 


tan 8 = (833 N)/(188 N) = 4.43; @=77.3° above the horizontal. The magnitude of the net force exerted by the 
seat (note that this is not the net force on the passenger) is 
E= (833 N}? +(188 N} =854 N 


(b) The magnitude of the force is the same, but the horizontal component is reversed. 
2 
EVALUATE: At the highest point in the motion, Fu = Mg — M =645 N . At the lowest point in the motion, 


2 
v ; : 
Fou = Mg + Lo =1021N. The result in parts (a) and (b) lies between these extreme values. 
IDENTIFY: Apply YF =ma to the person. The person moves in a horizontal circle so his acceleration is 
„a =v’ /R, directed toward the center of the circle. The target variable is the coefficient of static friction between 


zk) =(0.60 reva 2205) m) 
1 rev rev 


(a) SETUP: The problem situation is sketched in Figure 5.11 1a. 


the person and the surface of the cylinder. v = (0.60 revis( =9.425 m/s 


| 

Figure 5.111a 
` 

The free-body diagram for the person is 
sketched in Figure 5.111b. 
The person is held up against gravity by 
the static friction force exerted on him 
by the wall. The acceleration of the person 


ei iS „q directed in towards the axis of rotation. 


Figure 5.111b 


(b) EXECUTE: To calculate the minimum x, required, take f, to have its maximum value, f, = 44n. 


XF, =ma, 
f,-mg =0 
Hn = Mg 
DIF, = ma, 
n=mv’/R 
Combine these two equations to eliminate n: 
umy? /R=mg 
_ Rg _ (2.5 m)(9.80 m/s”) 
sy (9.425 m/s)? 


=0.28 
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5.112. 


5.113. 


5.114. 


(c) EVALUATE: No, the mass of the person divided out of the equation for 4. Also, the smaller sz, is, the larger 
v must be to keep the person from sliding down. For smaller x, the cylinder must rotate faster to make n larger 
enough. 

IDENTIFY: Apply YF = ma to the combined object of motorcycle plus rider. 


SET Up: The object has acceleration a,,, =v /r , directed toward the center of the circular path. 


EXECUTE: (a) For the tires not to lose contact, there must be a downward force on the tires. Thus, the 
2 


i v 
(downward) acceleration at the top of the sphere must exceed mg, so M >mg, and 


v> [gR = 09.80 m/s?) (13.0 m) =11.3 m/s. 

(b) The (upward) acceleration will then be 4g, so the upward normal force must be 

5mg =5(110 kg) (9.80 m/s’) = 5390 N. 

EVALUATE: At any nonzero speed the normal force at the bottom of the path exceeds the weight of the object. 
IDENTIFY: Apply ZF =mä to your friend. Your friend moves in the arc of a circle as the car turns. 

(a) Turn to the right. The situation is sketched in Figure 5.113a. 


you friend As viewed in an inertial frame, 

in the absence of sufficient friction 
your friend doesn’t make the turn 
completely and you move to the right 
toward your friend. 


Figure 5.113a 


(b) The maximum radius of the turn is the one that makes a,,, just equal to the maximum acceleration that static 
friction can give to your friend, and for this situation f, has its maximum value f, = un. 


SET Up: The free-body diagram for your friend, as viewed by someone standing behind the car, is sketched in 
Figure 5.113b. 


EXECUTE: 
be =ma, 
n—mg =0 
n=mg 


Figure 5.113b 


ov (20 m/s)’ 
ug (0.35)(9.80 m/s’) 
EVALUATE: The larger 4, is, the smaller the radius R must be. 


=120m 


IDENTIFY: The tension F in the string must be the same as the weight of the hanging block, and must also 
provide the resultant force necessary to keep the block on the table in uniform circular motion. 


SET Up: The acceleration of the block is a,,, =v" /r , directed toward the hole. 
2 


EXECUTE: Mg =F =m, so v=,/grM/m. 
r 


EVALUATE: The larger M is the greater must be the speed v, if r remains the same. 
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5.115. IDENTIFY: Apply YF =ma to the circular motion of the bead. Also use Eq.(5.16) to relate a 


rotation T. 
SETUP: The bead and hoop are sketched in Figure 5.115a. 


a> 


to the period of 


rad 


The bead moves in a circle of radius 
R=rsin £. 

The normal force exerted on the bead by 
the hoop is radially inward. 


I 
Figure 5.115a 
The free-body diagram for the bead is sketched in Figure 5.115b. 
y 


EXECUTE: 
n cos B = 
-E LF, =ma, 
ad re 
B ncos -mg =0 
n=mg/ cos 8 
n sin B wa L 
x — ma, 
nsin J = mapa 
mg 
Figure 5.115b 
Combine these two equations to eliminate n: 
mg \. 
sin 8 = ma, 
z5) B rad 
sinp Ana 
cos g 
Ang =V /R and v=22R/T, so a„4a=47m R/T’, where Tis the time for one revolution. 
i An’rsi 
R =rsin J, so dpa mee 
ay : i An’rsi 
Use this in the above equation: ne = TaN: 
cos 8 T’g 
This equation is satisfied by sin =0, so 6=0, or by 
1 4n°r T’g 


—— = ——.,, which gives cos 8 = ———- 
cosB Tg 8 B An’r 


(a) 4.00 rev/s implies T =(1/4.00) s = 0.250 s 
(0.250 s)?(9.80 m/s”) 
47° (0.100 m) 

(b) This would mean £=90°. But cos90°=0, so this requires T —> 0. So 2 approaches 90° as the hoop rotates 

very fast, but 2 =90° is not possible. 
(c) 1.00 rev/s implies T =1.00 s 

2 2 2; 
f 3 equation then says cos = coe s) CUMI 
4rr 47° (0.100 m) 


have the XEF =ma equations satisfied is for sin =0. This means £ =0; the bead sits at the bottom of the hoop. 


Then cos 2 = 


and £=81.1°. 


The cos 2 = 


= 2.48, which is not possible. The only way to 
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5.116. 


5.117. 


5.118. 


EVALUATE: £->90° as T —>0 (hoop moves faster). The largest value T can have is given by T’g/(4z’r) =1 so 


T =2z,/r/g =0.635 s. This corresponds to a rotation rate of (1/0.635) rev/s = 1.58 rev/s. For a rotation rate less 
than 1.58 rev/s, Ø =0 is the only solution and the bead sits at the bottom of the hoop. Part (c) is an example of this. 
d°x 


2 
IDENTIFY: a, = ie and a, = - us . Then apply iF = mä to calculate the components of the net force. 
f t ; t 


SET Up: The components of F determine its magnitude and direction. 

EXECUTE: (a) Differentiating twice, a, =—6ft and a, =—20, so 

F, =ma, = (2.20 kg) (—0.72 N/s)t = -(1.58 N/s)t and F, =ma, = (2.20 kg) (—2.00 m/s’) =—4.40N. 

(b) The graph is given in Figure 5.116. 

(c) At ¢=3.00 s, F, =-4.75 Nand F, =-4.40 N, so F = \(-4.75 N)? +(—4.40 NY =6.48 N at an angle of 


—4.40 ) _ o 
arctan (=440) -223 ; 


EVALUATE: F, is constant and negative. F, is zero at t =0 and becomes increasingly more negative as t 


increases. 
y (m) 


x (m) 


Figure 5.116 


IDENTIFY: The velocity is tangent to the path. The acceleration has a tangential component when the speed is 
changing and a radial component when the path is curving. 


SETUP: „is toward the center of curvature of the path. a,,, is parallel to v when the speed is increasing and 


tan 
antiparallel to ¥ when the speed is decreasing. The net force F is proportional to a. 
EXECUTE: The diagram is sketched in Figure 5.117. 
EVALUATE: Y, @,and F all change during the motion. 

v=0 — 


Figure 5.117 


IDENTIFY: Apply XEF = mä to the car. It has acceleration 4&4 , directed toward the center of the circular path. 


rad ? 
SETUP: The analysis is the same as in Example 5.24. 
2 


2 
EXECUTE: (a): $= nl | = (1.60 ka. m/s? + 02.0 mis)” 


m 


J-ous N. 


2 


b) F; -nfs =). (1.60 kaoso P ROELS 


5.00 m 


pushes down on the car. The magnitude of this force is 30.4 N. 
EVALUATE: |F,|>|F;|. |F|- 2mg . 


) = -30.4 N. , where the minus sign indicates that the track 
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5.119. 


5.120. 


5.121. 


IDENTIFY: The analysis is the same as for Problem 5.96. 
SETUP: The speed is related to the period by v =22R/T =2zh(tan B)/T , or T =2zh(tan B)/v. 
EXECUTE: The maximum and minimum speeds are the same as those found in Problem 5.96, 
raa alan OU oss oS antag ee OE, 
sin J — u, cos B sin f+ u, cos 8 

The minimum and maximum values of the period T are then 
-27 htan B sin p =H, cos A miter htan 2 sin A + y, cos f 

g cosp +u sinp g cosp- u sinp 


T, 


min 


R 
EVALUATE: For 4, =0 the results for the speeds reduce to Vii, = Ymax =Vgh. h= ane The result for v then 
i tan 


agrees with the result in Example 5.23, if we take into account that in this problem £ is measured from the vertical 
whereas in Example 5.23 it is measured relative to the horizontal. 
IDENTIFY: Apply YF = mä to the block and to the wedge. 


SET Up: For both parts, take the x-direction to be horizontal and positive to the right, and the y-direction to be 
vertical and positive upward. The normal force between the block and the wedge is n; the normal force between the 
wedge and the horizontal surface will not enter, as the wedge is presumed to have zero vertical acceleration. The 
horizontal acceleration of the wedge is A, and the components of acceleration of the block are a, and a,. 
EXECUTE: (a) The equations of motion are then MA =—nsina , ma, =nsina@ and ma, =ncosa—mg . Note 
that the normal force gives the wedge a negative acceleration; the wedge is expected to move to the left. These are 
three equations in four unknowns, A, a,, a, and n. Solution is possible with the imposition of the relation between 
A, a, and a, . An observer on the wedge is not in an inertial frame, and should not apply Newton’s laws, but the 


kinematic relation between the components of acceleration are not so restricted. To such an observer, the vertical 
acceleration of the block is a S; but the horizontal acceleration of the block is a, — A. To this observer, the block 


a,, 


descends at an angle a, so the relation needed is =— tan a. At this point, algebra is unavoidable. A 


a, — 
possible approach is to eliminate a, by noting that a, = -— A, using this in the kinematic constraint to eliminate 
m 
a, and then eliminating n. The results are: 
A= sn 
(M +m) tana +(M/tana) 


gM 
* (M +m) tana +(M/tana) 


—g(M +m) tana 
(M +m) tana+(M/tana) 
(b) When M >>m, A — 0, as expected (the large block won’t move). Also, 


y 


g tan & 


gs = gsinacosa which is the acceleration of the block ( gsina@ in this case), 
tan a@+(1/tana) tan°a +1 


with the factor of cosa giving the horizontal component. Similarly, a, > -g sin’a. 

(c) The trajectory is a spiral. 

EVALUATE: If m>>M , our general results give a, =Oand a, =—g . The massive block accelerates straight 
downward, as if it were in free-fall. 

IDENTIFY: Apply iF = mä to the block and to the wedge. 

SETUP: From Problem 5.120, ma, =nsina and ma, =ncosa@ -mg for the block. a, =0 gives a, = gtana. 


EXECUTE: Ifthe block is not to move vertically, both the block and the wedge have this horizontal acceleration 
and the applied force must be F =(M+m)a=(M +m)gtana. 


EVALUATE: F>0as a>Oand F >0as a>. 
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5.122. IDENTIFY: Apply X F =ma. 


SETUP: Let +x be directed up the ramp. 
EXECUTE: The normal force that the ramp exerts on the box will be n = wcosæ —Tsina . The rope provides a force of 
Tcos@ up the ramp, and the component of the weight down the ramp is wsina . Thus, the net force up the ramp is 


F =Tcos6- wsina — u,(wcos æ —Tsin@) = T (cos 0 + usin) — w(sina + 14,cos@) 


The acceleration will be the greatest when the first term in parentheses is greatest and this occurs when tan@ = 44. 
EVALUATE: Small 6 means F is more nearly in the direction of the motion. But 6 — 90° means F is directed to 
reduce the normal force and thereby reduce friction. The optimum value of 6 is somewhere in between and 
depends on 4. When yz, =0, the optimum value of ĝis 0=0°. 

5.123. IDENTIFY: Use the results of Problem 5.44. 


eek oa ae d’ 
SETUP: f(x) isa minimum when a =0 and f >0. 
dx dx 
EXECUTE: (a) F = 4w /(cos0 + usin 0) 
(b) The graph of F versus @ is given in Figure 5.123. 
(c) F is minimized at tan 0 = u. For u, =0.25, 0 =14.0°. 
EVALUATE: Small 8 means F is more nearly in the direction of the motion. But 6 — 90° means F is directed to 
reduce the normal force and thereby reduce friction. The optimum value of 6 is somewhere in between and 
depends on 44 . 
400 
320 
240 
F(N) 
160 


80 


0 
0 10 20 30 40 50 60 70 80 90 
6 (deg) 
Figure 5.123 


5.124. IDENTIFY: Apply JF = md to the ball. At the terminal speed, a=0. 
SET Up: For convenience, take the positive direction to be down, so that for the baseball released from rest, the 
acceleration and velocity will be positive, and the speed of the baseball is the same as its positive component of 
velocity. Then the resisting force, directed against the velocity, is upward and hence negative. 
EXECUTE: (a) The free-body diagram for the falling ball is sketched in Figure 5.124. 
(b) Newton’s Second Law is then ma = mg — Dv’. Initially, when v =0, the acceleration is g, and the speed 
increases. As the speed increases, the resistive force increases and hence the acceleration decreases. This continues 
as the speed approaches the terminal speed. 


(c) At terminal velocity, a=0, so v, = a in agreement with Eq. (5.13). 


d) The equation of motion may be rewritten as ks = £ —v’). This is a separable equation and may be 
q sf dt v? ' 


t 


dv 
-vy 


1 v t 
expressed as -E dt or — arctanh| — ao v=v, tanh( et/v, ). 
P 2 2 2 2 t 8g t 
vi v v, v, vi 
e Le~ 
EVALUATE: tanhx= 


At t>0, tanh(gt/v,)—>0 and v>0. At to, tanh(gt/v,) > and v>v,. 


| ; 
w 


Figure 5.124 


x =x ° 


e +e 
f 
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5.125. 


5.126. 


5.127. 


IDENTIFY: Apply YF = mä to each of the three masses and to the pulley B. 

SETUP: Take all accelerations to be positive downward. The equations of motion are straightforward, but the 
kinematic relations between the accelerations, and the resultant algebra, are not immediately obvious. If the 
acceleration of pulley B is a,, then a, =—a,, and a, is the average of the accelerations of masses 1 and 2, 

or a, +a, =2a, =—2a,. 

EXECUTE: (a) There can be no net force on the massless pulley B, so T, =27T,. The five equations to be solved 
are then mg—T,=ma,, m,g—-T,=m,a,, mg-T, =m, a,+a,+2a,=Oand 2T,—-T. =0. These are five 
equations in five unknowns, and may be solved by standard means. 

The accelerations a, and a, may be eliminated by using 2a, =—(a, + a,)=—(2g —T,((1/m,) + (1/m,))). 


The tension T, may be eliminated by using T, = (1/2)T,. =(1/2)m,(g —a,). 


—4m m, + m,m, + mm, 


Combining and solving for a, gives a, = g ; 
4mm, + m,m, + mm, 
(b) The acceleration of the pulley B has the same magnitude as a, and is in the opposite direction. 
T To sia l } 
(© a, =g-+=g-—“=g m, (g —a,). Substituting the above expression for a, gives 
H 2m, 2m, 


4m,m, —3m,m, + nym, 


4mm, + m,m, + mm, 


4mm, — 3mm, + m,m, 


(d) A similar analysis (or, interchanging the labels 1 and 2) gives a, = g ; 
4mm, + m,m, + mm, 
(e), (f) Once the accelerations are known, the tensions may be found by substitution into the appropriate equation 


4m,m,m, T= 8m,m,m, 
c7E 


of motion, giving T, =g I N A 
ped 233 i hia 


4mm, + m,m, + mm, , 

(g) If m, =m, =mand m, =2m, all of the accelerations are zero, T, = 2mg and T, =mg. All masses and pulleys 

are in equilibrium, and the tensions are equal to the weights they support, which is what is expected. 

EVALUATE: Itis useful to consider special cases. For example, when m, =m, >>m, our general result gives 

a =a, =+g and a,=-g. 

IDENTIFY: Apply XF = mä to each block. The tension in the string is the same at both ends. If T < w for a 

block, that block remains at rest. 

SETUP: In all cases, the tension in the string will be half of F. 

EXECUTE: (a) F/2=62 N, which is insufficient to raise either block; a, =a, =0. 

(b) F/2=62 N. The larger block (of weight 196 N) will not move, so a, =0, but the smaller block, of weight 

49N 
10.0 kg 

(c) F/2=212N, so the net upward force on block A is 16 N and that on block B is 114 N, so 

a, = 16N =0.8 m/s? and a, = LAN 
20.0 kg 10.0 kg 

EVALUATE: The two blocks need not have accelerations with the same magnitudes. 

IDENTIFY: Apply XF = mä to the ball at each position. 


98 N, has a net upward force of 49 N applied to it, and so will accelerate upwards with a, = =49 m/ s’. 


=11.4 m/s’. 


SET Up: When the ball is at rest, a=0. When the ball is swinging in an arc it has acceleration component 
2 


Vv * x 
a, = R directed inward. 


rad 
EXECUTE: Before the horizontal string is cut, the ball is in equilibrium, and the vertical component of the tension 
force must balance the weight, so T, cos =w or T, = w/cos £ . At point B, the ball is not in equilibrium; its speed 
is instantaneously 0, so there is no radial acceleration, and the tension force must balance the radial component of 
the weight, so T, =wcos # and the ratio (T, /T,) =cos’ 2. 

EVALUATE: At point B the net force on the ball is not zero; the ball has a tangential acceleration. 
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6.1. 


6.2. 


6.3. 


6.4. 


IDENTIFY: Apply Eq.(6.2). 

SET Up: The bucket rises slowly, so the tension in the rope may be taken to be the bucket’s weight. 

EXECUTE: (a) W = Fs = mgs =(6.75 kg) (9.80 m/s”)(4.00 m) = 265 J. 

(b) Gravity is directed opposite to the direction of the bucket’s motion, so Eq.(6.2) gives the negative of the result of 
part (a), or —265 J. 

(c) The total work done on the bucket is zero. 

EVALUATE: When the force is in the direction of the displacement, the force does positive work. When the force is 
directed opposite to the displacement, the force does negative work. 

IDENTIFY: In each case the forces are constant and the displacement is along a straight line, so W = Fs cosg . 

SET Up: In part (a), when the cable pulls horizontally ø = 0° and when it pulls at 35.0° above the horizontal 

¢ =35.0°. In part (b), if the cable pulls horizontally ø =180° . If the cable pulls on the car at 35.0° above the 
horizontal it pulls on the truck at 35.0° below the horizontal and ø =145.0°. For the gravity force ¢=90°, since the 
force is vertical and the displacement is horizontal. 

EXECUTE: (a) When the cable is horizontal, W = (850 N)(5.00x10° m)cos0° = 4.25x10° J. When the cable is 


35.0° above the horizontal, W = (850 N)(5.00x10° m)cos35.0° =3.48 x10° J. 


(b) cos180° =—cos0° and cos145.0° =—cos35.0° , so the answers are —4.26x10° Jand —3.48x10° J. 

(c) Since cos¢ = cos90° = 0, W =0 in both cases. 

EVALUATE: Ifthe car and truck are taken together as the system, the tension in the cable does no net work. 
IDENTIFY: Each force can be used in the relation W = Fs = (F cos@)s for parts (b) through (d). For part (e), apply 


the net work relation as W,., = W, t Woy W, +W; 


net worker grav 
SET Up: In order to move the crate at constant velocity, the worker must apply a force that equals the force of 
friction, B oe T ii = MN. 


EXECUTE: (a) The magnitude of the force the worker must apply is: 
f. = m,n = mg =(0.25)(30.0 kg)(9.80 m/s?) =74 N 


worker 


(b) Since the force applied by the worker is horizontal and in the direction of the displacement, ø =0° and the 
work is: 


W vorker = (F, 


worker 


cos¢)s =[(74 N)(cos0°)](4.5 m) = +333 J 
(c) Friction acts in the direction opposite of motion, thus ¢=180° and the work of friction is: 
W, =(f, cosø)s =[(74 N)(cos180°)](4.5 m) =-333 J 


(d) Both gravity and the normal force act perpendicular to the direction of displacement. Thus, neither force does any 
work on the crate and Wa, =W, =0.0 J. 


grav 
(e) Substituting into the net work relation, the net work done on the crate is: 
Wa =V, HW aray t+W, +W, = +333 J +0.0 J +0.0 J -333 J =0.0 J 


net worker grav 


EVALUATE: The net work done on the crate is zero because the two contributing forces, F 


worker 


and F,, are equal in 


magnitude and opposite in direction. 
IDENTIFY: The forces are constant so Eq.(6.2) can be used to calculate the work. Constant speed implies a=0. We 


must use iF =ma applied to the crate to find the forces acting on it. 
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6.5. 


6.6. 


(a) SETUP: The free-body diagram for the crate is given in Figure 6.4. 


EXECUTE: ))F,=ma, 
n—mg —Fsin30°=0 

n=mg + Fsin30° 

Si = Ln = ing + F yy, sin30° 


mg 


Figure 6.4 


DF =a, 

Fcos30°— f, =0 

F cos30° — umg — 4 sin30°F =0 

F- mg _ 9.25(30.0 kg)(9.80 m/s°) -99.2 N 
cos30°— 44, sin30° cos30°-(0.25)sin 30° 

(b) W, =(F cos ¢)s =(99.2 N)(cos30°)(4.5 m) = 387 J 


(F cos30° is the horizontal component of F; the work done by F is the displacement times the component of F 


in the direction of the displacement.) 
(c) We have an expression for f, from part (a): 


f. =u, (mg + F sin30°) = (0.250)[(30.0 kg)(9.80 m/s) + (99.2 N)(sin30°)] = 85.9 N 


ø =180° since f, is opposite to the displacement. Thus W, =(f,, cosø)s =(85.9 N)(cos180°)(4.5 m) = -387 J 

(d) The normal force is perpendicular to the displacement so ¢=90° and W, =0. The gravity force (the weight) is 
perpendicular to the displacement so ¢=90° and W,, =0 

(ce) Woa =W +W, +W, +W, = +387 J+ (-387 J) =0 

EVALUATE: Forces with a component in the direction of the displacement do positive work, forces opposite to the 


displacement do negative work and forces perpendicular to the displacement do zero work. The total work, obtained 
as the sum of the work done by each force, equals the work done by the net force. In this problem, F «„ =0 since 


a=0 and W, 


tot 


=0, which agrees with the sum calculated in part (e). 

IDENTIFY: The gravity force is constant and the displacement is along a straight line, so W = Fscos@. 
SETUP: The displacement is upward along the ladder and the gravity force is downward, so 

ø =180.0° —30.0° =150.0°. w=mg=735N. 

EXECUTE: (a) W =(735 N)(2.75 m)cos150.0° =—1750 J. 


(b) No, the gravity force is independent of the motion of the painter. 

EVALUATE: Gravity is downward and the vertical component of the displacement is upward, so the gravity force 
does negative work. 

IDENTIFY and SETUP: W, =(Fcosø)s, since the forces are constant. We can calculate the total work by summing 


the work done by each force. The forces are sketched in Figure 6.6. 


EXECUTE: W,=F,scos¢, 
W, =(1.80x10° N)(0.75 x10° m)cos14° 
W, =1.31x10° J 

E W, = F,scos¢, =W, 


W 


S 
Figure 6.6 


W, 


‘or =W, +W, =2(1.31x10° J)=2.62x10° J 
EVALUATE: Only the component F cosø of force in the direction of the displacement does work. These 


components are in the direction of § so the forces do positive work. 
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6.7. 


6.8. 


6.9. 


6.10. 


6.11. 


6.12. 


IDENTIFY: All forces are constant and each block moves in a straight line. so W = Fscos@. The only direction the 
system can move at constant speed is for the 12.0 N block to descend and the 20.0 N block to move to the right. 
SETUP: Since the 12.0 N block moves at constant speed, a =0 for it and the tension T in the string is T =12.0 N . 


Since the 20.0 N block moves to the right at constant speed the friction force f, on it is to the left and 
Af. =T =12.0N. 

EXECUTE: (a) (i) ¢=0° and W =(12.0 N)(0.750 m)cos0° = 9.00 J . (ii) ø =180° and 

W = (12.0 N)(0.750 m)cos180° = -9.00 J. 

(b) (i) 6=90° and W =0. (ii) ¢=0° and W =(12.0 N)(0.750 m)cos0° =9.00 J . (iii) ø =180° and 
W =(12.0 N)(0.750 m)cos180° = —9.00 J . (iv) 6=90° and W =0. 

(c) W,,, =0 for each block. 


EVALUATE: For each block there are two forces that do work, and for each block the two forces do work of equal 
magnitude and opposite sign. When the force and displacement are in opposite directions, the work done is 
negative. 

IDENTIFY: Apply Eq.(6.5). 


SETUP: i-i=j-j=landi-j=j-i=0 
EXECUTE: The work you do is F -5 =((30 N)i —(40 N)j)-((-9.0 m)i —(3.0 m) f) 
Ë -5 =(30 N)(-9.0 m) +(—40 N)(—3.0 m) = -270 N-m+120 N-m=-150J. 


EVALUATE: The x-component of F does negative work and the y-component of F does positive work. The total 


work done by F is the sum of the work done by each of its components. 

IDENTIFY: Apply Eq.(6.2) or (6.3). 

SET Up: The gravity force is in the —y-direction , so Fa -5 =-mg(y,—y,) 

EXECUTE: (a)(i) Tension force is always perpendicular to the displacement and does no work. 

(ii) Work done by gravity is -mg (y, —y,). When y, =y,, Wng =0. 

(b) (i) Tension does no work. (ii) Let / be the length of the string. W,,, = -mg (Y, — y,) = -mg (21) = -25.1 J 
EVALUATE: In part (b) the displacement is upward and the gravity force is downward, so the gravity force does 
negative work. 


IDENTIFY: K =4mv" 
SETUP: 65 mi/h=29.1 m/s 
EXECUTE: (a) K =4(750 kg)(29.1 m/s)” =3.18x10° J 


(b) K, =4mv,. K, =4mv;, with v,=v,/2,s0 K, =4m(v,/2)° =4(4mv;) = K,/4 . The change in kinetic energy is a 


decrease of 3K,. 
© K, =$K,. £n- constant , so Ab =. v, =v,/K,/K, =(65 mi/h),/$K,/K, = 46 mi/h. 
v 1 2 

EVALUATE: Since K ~ v’, to have half the kinetic energy the speed must be less than half of the original speed. 
IDENTIFY: K= tmv? . Since the meteor comes to rest the energy it delivers to the ground equals its original kinetic 
energy. 
SETUP: v=12 km/s =1.2x10* m/s. A 1.0 megaton bomb releases 4.184 x10" J of energy. 
EXECUTE: (a) K =4(1.4x10° kg)(1.2x10* m/s)* =1.0x10"° J. 

1.0x10"° J 
he 
®) 4.184x10" J 


EVALUATE: Part of the energy transferred to the ground lifts soil and rocks into the air and creates a large 
crater. 


=2.4. The energy is equivalent to 2.4 one-megaton bombs. 


IDENTIFY: K= 1m? . Use the equations for free-fall to find the speed of the weight when it reaches the ground. 
SETUP: Estimate that a person has speed 2 m/s when walking and 6 m/s when running. The mass of an electron is 
9.11x10™°" kg. In part (c) take +y downward, so a, =+9.80 m/s? . Estimate a shoulder height of 1.6 m. 


EXECUTE: (a) Walking: K =4(75 kg)(2 m/s)? =150 J . Running: K =+(75 kg)(6 m/s)” =1400 J. 
(b) K =4(9.11x10™' kg)(2.19x10° m/s)? =2.2x10" J. 
(c) v =Voy +2a,(y—y,) gives v, = |2(9.80 m/s*)(1.6 m) =5.6 m/s. K =4(1.0 kg)(5.6 m/s)’ =16 J. 
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6.13. 


6.14. 


6.15. 


6.16. 


(d) v= 2a = ANS) =2.6 m/s. Yes, this is reasonable. 
m 30 kg 


EVALUATE: A walking speed of 2 m/s corresponds to walking a mile in about 13 min. A running speed of 6 m/s 
corresponds to running a 100 m dash in about 17 s. 


IDENTIFY: K =4my’. Set up a ratio that relates K, m and v. 
SETUP: =m, =1836m, 


EXECUTE: (a) K, =K, gives mv = mV. . V, =v,./m,/m, =VV1836 =42.85V . 


. K, K 
(b) v, =v, gives —=— . K, = K,(m,/m,)=1836K . 
p Mk 
EVALUATE: The electron has less mass so must travel faster to have the same kinetic energy. And with equal speeds 
the proton has more kinetic energy. 
IDENTIFY: Only gravity does work on the watermelon, so W,,, =W, - Wa =AK and K =4mv’. 


tot grav tot 


SET Up: Since the watermelon is dropped from rest, K, =0. 
= mgs = (4.80 kg)(9.80 m/s*)(25.0 m) =1180 J 


ARK so KAROT; y= Pe = ae) 
4.80 kg 


m 
(c) The work done by gravity would be the same. Air resistance would do negative work and W „would be less than 


tot 


EXECUTE: (a) W, 


grav 


b) W, =22.2 m/s. 


tot 


W. - The answer in (a) would be unchanged and both answers in (b) would decrease. 


grav 
EVALUATE: The gravity force is downward and the displacement is downward, so gravity does positive work. 
IDENTIFY: Wo =K, -K,. In each case calculate W,,, from what we know about the force and the displacement. 


tot tot 
SETUP: The gravity force is mg, downward. The friction force is f, = 4n = umg and is directed opposite to the 
displacement. The mass of the object isn't given, so we expect that it will divide out in the calculation. 


EXECUTE: (a) K,=0. Woa =Weoa, = Mgs. mgs =4mv; and v, =./2gs = (209.80 m/s’)(95.0 m) = 43.2 m/s . 


tot grav 


(b) K, =0 (at the maximum height). Woa =W,,., =—mgs . —mgs = -tmv and 


tot grav 


v, = 2gs =/2(9.80 m/s?)(525 m) =101 m/s. 
ox o 600m 
2u,g 2(0.220)(9.80 m/s”) 


1 2 1 2 
tK,. mv; =—L,mgs + 5mv, 


(© K,=1mv,. K,=0. W =W, =—-u,mgs. -u,mgs =-}+mv? . s 5.80m. 
1 57m 2 tot f MME: LME: 7 MV, 


(d) K, =4mv,. K, =4mv;. Wa =W, =- mgs. K, =W, 


tot f tot 


v, = v? — 2y, gs = (5.00 m/s)? — 2(0.220)(9.80 m/s?)(2.90 m) =3.53 m/s. 
(e) K,=4mv,. K,=0. W ory = —Mgy,, Where y, is the vertical height. —mgy, = —tmy; and 
ov _ (02.0 m/s)’ _ 

2g 2(9.80 m/s’) 
EVALUATE: In parts (c) and (d), friction does negative work and the kinetic energy is reduced. In part (a), gravity 
does positive work and the speed increases. In parts (b) and (e), gravity does negative work and the speed decreases. 
The vertical height in part (e) is independent of the slope angle of the hill. 
IDENTIFY: From the work-energy relation, W = Wa, = AK 


grav tock * 


7.35m. 


2 


SET Up: As the rock rises, the gravitational force, F =mg, does work on the rock. Since this force acts in the 


direction opposite to the motion and displacement, s, the work is negative. Let h be the vertical distance the rock 
travels. 


EXECUTE: (a) Applying Wya =K,—K, we obtain -mgh = +mv; -+m . Dividing by m and solving for v, 


v; =v; +2gh . Substituting h =15.0 m and v, =25.0 m/s, 


v, = V(25.0 mis)” +2(9.80 m/s?)(15.0 m) =30.3 mis 
(b) Solve the same work-energy relation for h. At the maximum height v, =0. 


-v2 _ (30.3 m/s} —(0.0 m/s)” 


- =46.8 m. 
2g 2(9.80 m/s?) 


vi 
wl 2 1 2 pra | 
-mgh =4mv, —4mvf and h= 
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6.17. 


6.18. 


6.19. 


6.20. 


EVALUATE: Note that the weight of 20 N was never used in the calculations because both gravitational potential 
and kinetic energy are proportional to mass, m. Thus any object, that attains 25.0 m/s at a height of 15.0 m, must have 
an initial velocity of 30.3 m/s. As the rock moves upward gravity does negative work and this reduces the kinetic 
energy of the rock. 

IDENTIFY and SET Up: Apply Eq.(6.6) to the box. Let point 1 be at the bottom of the incline and let point 2 be at 


the skier. Work is done by gravity and by friction. Solve for K, and from that obtain the required initial speed. 
EXECUTE: W,, =K,—K, 

K,=1mv,, K,=0 

Work is done by gravity and friction, so Wo =W,,, + W,. 


tot = M mg 
Wg ==mg8 Q, — Y,) = -mgh 

W, =- fs. The normal force is n=mgcosa and s =h/sina, where s is the distance the box travels along the 
incline. 

W, =—(44ng cos a)(h/sin a) = —p4,mgh/tana 

Substituting these expressions into the work-energy theorem gives 

-mgh — umgh/tana =—4mv,. 


Solving for v, then gives v, =,/2gh(1+ 4, /tana). 


EVALUATE: The result is independent of the mass of the box. As a> 90°, h=s and v, =./2gh, the same as 


throwing the box straight up into the air. For œ =90° the normal force is zero so there is no friction. 
IDENTIFY: Apply W=Fscos@and W,, =AK . 


tot 


SET Up: Parallel to incline: force component W =mg sina , down incline; displacement s = h/sin æ , down incline. 


Perpendicular to the incline: s =0. 
EXECUTE: (a) W, =(mgsina)(h/sina)=mgh . W, =0, since there is no displacement in this direction. 


Wg =W, +W, =mgh, same as falling height A. 


mg 


(b) W, 


a =K, -K, gives mgh =+mv° and v=,/2gh , same as if had been dropped from height h. The work done by 
gravity depends only on the vertical displacement of the object. When the slope angle is small, there is a small force 
component in the direction of the displacement but a large displacement in this direction. When the slope angle is 
large, the force component in the direction of the displacement along the incline is larger but the displacement in this 
direction is smaller. 

(c) h=15.0 m, so v=4/2gh =17.1s. 

EVALUATE: The acceleration and time of travel are different for an object sliding down an incline and an object in 
free-fall, but the final velocity is the same in these two cases. 


IDENTIFY: W,,=K,—K, with Wo =W, . The car stops, so K, =0 . In each case identify what is constant and set 


tot tot 
up a ratio. 
SETUP: W,=—/fs,so —fs= —Lmvy,. 


2 
2 2 2 
a Vv, 2 v v v 
EXECUTE: (a) v =3y%,. S, =D .fis constant. = z constant , so <+ =>. s, =s, (>) =D =9D. 
S m S S, 


a Voa 


(b) f, =3f,. wis constant. fs =4mv; = constant , so f S, = f,S,- Sp =S, (| =D/3. 


EVALUATE: The stopping distance is proportional to the square of the initial speed. When the friction force 
increases, the stopping distance decreases. 
IDENTIFY and SET UP: Apply Eq.(6.6). The relation between the speeds v, and v, tells us the relation between K, 


and K,. 
EXECUTE: (a) W=K,-K, 


2, 
K,=45mv,, K, = mv 


vay ves that K, =r) = (nt) a, 


W=K,-K,= eK, K, = Kı 
(b) EVALUATE: K depends only on the magnitude of ¥ not on its direction, so the answer for W in part (a) does not 


depend on the final direction of the electron’s motion. The electron slows down, so its kinetic energy decreases and 
the total work done on it is negative. 
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6.21. 


6.22. 


6.23. 


6.24. 


6.25. 


IDENTIFY: Apply W=Fscosg@and W,,=AK . 

SETUP: ¢=0° 

EXECUTE: From Equations (6.1), (6.5) and (6.6), and solving for F, 

AK _ 4m(v3-v,) _ 4$(8.00 kg)((6.00 m/s)’ — (4.00 m/s)”) 
s s (2.50 m) 

EVALUATE: The force is in the direction of the displacement, so the force does positive work and the kinetic energy 

of the object increases. 

IDENTIFY and SET Up: Use Eq.(6.6) to calculate the work done by the foot on the ball. Then use Eq.(6.2) to find the 

distance over which this force acts. 

EXECUTE: W,, =K,—K, 


tot 


K, =4mv; = 4(0.420 kg)(2.00 m/s)’ = 0.84 J 
K, =4mv; =4(0.420 kg)(6.00 m/s)’ = 7.56 J 

Woa =K,—K, =7.56 J—0.84 J =6.72 J 

The 40.0 N force is the only force doing work on the ball, so it must do 6.72 J of work. W, = (F cos@)s gives that 


we Wi 6.72 J o 
Fcosø (40.0 N)(cos0) 
EVALUATE: The force is in the direction of the motion so positive work is done and this is consistent with an 
increase in kinetic energy. 
IDENTIFY: Apply W,,,=AK . 


tot 


F- =32.0N. 


0.168 m 


SETUP: v,=0,v,=v. f.=4,mg and f, does negative work. The force F =36.0 N is in the direction of the 


motion and does positive work. 
EXECUTE: (a) If there is no work done by friction, the final kinetic energy is the work done by the applied force, 


and solving for the speed, 
v= Pe - P= _ {2(36.0 N)(1.20 m) Seren 
m m (4.30 kg) 


(b) The net work is Fs — f,s =(F — 44,mg)s , So 


x PRE = mg) _ oe N ~(0.30)(4.30 kg)(9.80 m/s*))(1.20 m) _, 61 w/s 
m (4.30 kg) 


EVALUATE: The total work done is larger in the absence of friction and the final speed is larger in that case. 
IDENTIFY: Apply W =Fscosgand W,,, =AK 


tot 


SETUP: The gravity force has magnitude mg and is directed downward. 
EXECUTE: (a) On the way up, gravity is opposed to the direction of motion, and so 


W =—mgs = (0.145 kg)(9.80 m/s”)(20.0 m) = -28.4 J. 
20284) _ 
(0.145 kg) 


(c) No; in the absence of air resistance, the ball will have the same speed on the way down as on the way up. On the 
way down, gravity will have done both negative and positive work on the ball, but the net work at this height will be 
the same. 

EVALUATE: As the baseball moves upward, gravity does negative work and the speed of the baseball decreases. 
(a) IDENTIFY and SET Up: Use Eq.(6.2) to find the work done by the positive force. Then use Eq.(6.6) to find the 


final kinetic energy, and then K, = im; gives the final speed. 
EXECUTE: Wa=K, -K so K, =Wa tK, 
K, =4mv; =4(7.00 kg)(4.00 m/s)* = 56.0 J 


The only force that does work on the wagon is the 10.0 N force. This force is in the direction of the displacement so 
ġ=0° and the force does positive work: 


W, =(F cos¢)s = (10.0 N)(cos0)(3.0 m) = 30.0 J 
+ K, =30.0 J+56.0 J=86.0 J. 


K,=1mv3; v= e e OY Sy Ga: 
\ m \ 7.00ke 


(b) v, =r eo = feso m/s)? 15.3 m/s. 
m 


Then K, =W, 


tot 
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(b) IDENTIFY: Apply iF =ma to the wagon to calculate a. Then use a constant acceleration equation to calculate 


the final speed. The free-body diagram is given in Figure 6.25. 
SET UP: 


EXECUTE: J F, =ma, 


F=ma, 
pd oO as aie 
© m 7100kg 


mg 


Figure 6.25 


Vou = Vie ak; 2a,(x B Xo) 
va, = v2, + 2a, (x — x4) = (4.00 m/s)? +2(1.43 m/s?)(3.0 m) = 4.96 m/s 


EVALUATE: This agrees with the result calculated in part (a). The force in the direction of the motion does positive 
work and the kinetic energy and speed increase. In part (b), the equivalent statement is that the force produces an 
acceleration in the direction of the velocity and this causes the magnitude of the velocity to increase. 

6.26. IDENTIFY: Apply W,,=K,-K,. 


tot 
SETUP: XK, =0. The normal force does no work. The work W done by gravity is W = mgh , where h = Lsin@ is 


the vertical distance the block has dropped when it has traveled a distance L down the incline and @ is the angle the 
plane makes with the horizontal. 


EXECUTE: The work-energy theorem gives v= es = M =,/2gh =./2gLsin@ . Using the given numbers, 
m m 


v= [209.80 m/s’)(0.75 m)sin36.9° = 2.97 m/s. 
EVALUATE: The final speed of the block is the same as if it had been dropped from a height A. 
6.27. IDENTIFY: W,,, =K,-—K, . Only friction does work. 


tot 


SETUP: W,, =W, =—p,mgs. K, =0 (car stops). K, =imy,. 
2 
EXECUTE: (a) Wa =K,-K, gives —4,mgs =-4mv,. s = “0 
2.8 
2 
(b) (i) Hys = 2g SMy = =constant SO 8, lka = Spk- Sp = [He }. =s,/2 . The minimum stopping distance 
g Hus 
2: 
a s 1 s S, Vop ; ; 
would be halved. (ii) vo, = 2v- >= =constant , so -=—-. S, =S, = 4s, . The stopping distance 
Vo 28 Voa Vow Voa 
. se 1 
would become 4 times as great. (iii) vp, =2Voa> Lyp =2 Ld, - pce =—=constant , so Sal = Sol. i 
Vo E Voa Von 


2, 

1 ‘ ; 

S, =S, (£ I Yo ) = sf Jer =2s,. The stopping distance would double. 
Hyp )\ Voa 2 

EVALUATE: The stopping distance is directly proportional to the square of the initial speed and indirectly 

proportional to the coefficient of kinetic friction. 


6.28. IDENTIFY: The work that must be done to move the end of a spring from xto x,is W =+kx; -tki . The force 
required to hold the end of the spring at displacement x is F, = kx . 
SETUP: When the spring is at its unstretched length, x = 0 . When the spring is stretched, x > 0, and when the 
spring is compressed, x <0. 
2W 212.0 J) 
x2 (0.0300 m)? 
(b) F, = kx = (2.67 x10 N/m)(0.0300 m) =801 N . 
(c) x, =0, x, =—0.0400 m. W =4(2.67x10* N/m)(—0.0400 m} =21.4J. 
F, = kx = (2.67 x10* N/m)(0.0400 m) =1070 N. 


EVALUATE: When a spring, initially unstretched, is either compressed or stretched, positive work is done by the 
force that moves the end of the spring. 


EXECUTE: (a) x =0and W =+kx}. k= =2.67x10* N/m. 
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6.29. 


6.30. 


6.31. 


6.32. 


6.33. 


6.34. 


IDENTIFY and SETUP: Use Eq.(6.8) to calculate k for the spring. Then Eq.(6.10), with x, =0, can be used to 
calculate the work done to stretch or compress the spring an amount x,. 


EXECUTE: Use the information given to calculate the force constant of the spring. 


F, =kx gives k= Ht LOO =3200 N/m 
i x 0.050 m 


(a) F, = kx = (3200 N/m)(0.015 m) = 48 N 
F, = kx = (3200 N/m)(—0.020 m) = —64 N (magnitude 64 N) 
(b) W =4k? =1(3200 N/m)(0.015 m)? =0.36 J 

W =1ko? =1(3200 N/m)( - 0.020 m)? =0.64 J 


Note that in each case the work done is positive. 
EVALUATE: The force is not constant during the displacement so Eq.(6.2) cannot be used. A force in the +x 


direction is required to stretch the spring and a force in the opposite direction to compress it. The force F, is in the 
same direction as the displacement, so positive work is done in both cases. 

IDENTIFY: The magnitude of the work can be found by finding the area under the graph. 

SET Up: The area under each triangle is 1/2 base x height . F, > 0, so the work done is positive when x increases 
during the displacement. 

EXECUTE: (a) 1/2(8 m)(10 N)=40J. 

(b) 1/2(4 m)10N)=20J. 

(c) 1/2 (12 m)\(10 N) =60 J. 

EVALUATE: The sum of the answers to parts (a) and (b) equals the answer to part (c). 

IDENTIFY: Use the work-energy theorem and the results of Problem 6.30. 
SETUP: For x=0to x=8.0m, W ,=40J.For x=0to x=12.0m, W 


tot tot 


EXECUTE: (a) v= xD, = 2.83 m/s 
\ 10 kg 
(b) v= EXEO I) L3 46 m/s. 
y 10 kg 


EVALUATE: F is always in the +x-direction. For this motion F does positive work and the speed continually 
increases during the motion. 


=60J. 


IDENTIFY: The force has only an x-component and the motion is along the x-direction, so W = (Be Fidx. 
al 


SETUP: x,=Oand x,=69m. 
EXECUTE: The work you do with your changing force is 


W = Í ” F(x)dx = D (-20.0 N)dx — Í * (3.0 N/m)xdx = (-20.0 N)x |? -(3.0 N/m)(x7/2) |? 


W =-138N-m-71.4N-m=-209 J. 

EVALUATE: The work is negative because the cow continues to move forward (in the +x-direction ) as you vainly 
attempt to push her backward. 

IDENTIFY: Apply Eq.(6.6) to the box. 

SET Up: Let point 1 be just before the box reaches the end of the spring and let point 2 be where the spring has 
maximum compression and the box has momentarily come to rest. 

EXECUTE: W,, =K,-K, 


tot 
ies 8 _ 
K,=zmv,, K,=0 


Work is done by the spring force. W,,, =—+kx, where x, is the amount the spring is compressed. 


—1 kx? =-1 my? and x, =v,Vm/k = (3.0 m/s) /(6.0 kg)/(7500 N/m) =8.5 cm 


EVALUATE: The compression of the spring increases when either v, or m increases and decreases when k increases 


(stiffer spring). 

IDENTIFY: The force applied to the springs is F, = kx . The work done on a spring to move its end from x, to x, is 
W =5kx; —+ky . Use the information that is given to calculate k. 

SET Up: When the springs are compressed 0.200 m from their uncompressed length, x, =Oand x, =—0.200 m. 


When the platform is moved 0.200 m farther, x, becomes —0.400 m . 
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6.35. 


6.36. 


2W 280.0 J) 
x?—x? (0.200 m} -0 
magnitude of force that is required is 800 N. 
(b) To compress the springs from x,=0to x, =—0.400 m, the work required is 


W =+kx} —Łkx? =+(4000 N/m)(—0.400 m)? = 320 J . The additional work required is 320 J —80 J = 240 J. For 


2 
x = —0.400 m , F, = kx =—1600 N . The magnitude of force required is 1600 N. 
EVALUATE: More work is required to move the end of the spring from x =—0.200 m to x =—0.400 m than to move 
it from x=0 to x =—0.200 m, even though the displacement of the platform is the same in each case. The magnitude 
of the force increases as the compression of the spring increases. 


EVALUATE: (a) k= 


= 4000 Nim. F, = kx =(4000 N/m)(—0.200 m) = -800 N . The 


IDENTIFY: Apply XF =ma to calculate the u, required for the static friction force to equal the spring force. 
SETUP: (a) The free-body diagram for the glider is given in Figure 6.35. 
y 


a=0 EXECUTE: X F, =ma, 


n-mg=0 


spring 


n=mg 


f. = umg 


mg 


Figure 6.35 


DF, = ma, 
Sf OP ii =0 
Lmg —kd =0 
pe kd A (20.0 N/m)(0.086 m) = 
` mg (0.100 kg)(9.80 m/s°) ` 
(b) IDENTIFY and SET UP: Apply iF = ma to find the maximum amount the spring can be compressed and still 


have the spring force balanced by friction. Then use W, 


‘ot =K, —K, to find the initial speed that results in this 
compression of the spring when the glider stops. 


EXECUTE: umg = kd 


q - 4g _ (0-60)(0.100 kg)(9.80 m/s”) 


k 20.0 N/m 
Now apply the work-energy theorem to the motion of the glider: 
Wi. =K,—-K, 


tot 


= 0.0294 m 


K,=4mv;, K,=0 (instantaneously stops) 


Wa =W, 


tot spring 
W, = —} (20.0 N/m)(0.0294 m)? —0.47(0.100 kg)(9.80 m/s?)(0.0294 m) = -0.02218 J 
=K,-K, gives -0.02218 J=-4mvy. 


Then Wao 
2(0.0221 
ye POUS N is 
0.100 kg 
EVALUATE: In Example 6.8 an initial speed of 1.50 m/s compresses the spring 0.086 m and in part (a) of this 
problem we found that the glider doesn’t stay at rest. In part (b) we found that a smaller displacement of 0.0294 m 


when the glider stops is required if it is to stay at rest. And we calculate a smaller initial speed (0.67 m/s) to produce 


this smaller displacement. 
IDENTIFY: For the spring, W =4kx; —-+kx} . Apply W, 


=F tot 


SETUP: x,=—0.025 mand x, =0. 

EXECUTE: (a) W =+kx =4+(200 N/m)(-0.025 m)’ =0.060 J. 

2W _ |2(0.060 J) 
(4.0 kg) 


EVALUATE: The block moves in the direction of the spring force, the spring does positive work and the kinetic 
energy of the block increases. 


+W,;. = —+kd’ —£4,mgd (as in Example 6.8) 


=K,-K,. 


=0.18 m/s. 


(b) The work-energy theorem gives v, = | 
m 
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6.37. 


6.38. 


6.39. 


6.40. 


IDENTIFY and SETUP: The magnitude of the work done by F, equals the area under the F, versus x curve. The 
work is positive when F, and the displacement are in the same direction; it is negative when they are in opposite 
directions. 

EXECUTE: (a) F, is positive and the displacement Ay is positive, so W >0. 

W =+(2.0 N)(2.0 m) + (2.0 N)(1.0 m) = +4.0 J 

(b) During this displacement F, =0, so W =0. 

(c) F, is negative, Ax is positive, so W <0. W =-—+(1.0 N)(2.0 m) =-1.0 J 

(d) The work is the sum of the answers to parts (a), (b), and (c), so W =4.0J+0-1.0 J = +3.0 J 

(e) The work done for x =7.0 m to x =3.0 m is +1.0 J. This work is positive since the displacement and the force 
are both in the —x-direction. The magnitude of the work done for x =3.0 m to x =2.0 m is 2.0 J, the area under F, 


versus x. This work is negative since the displacement is in the —x-direction and the force is in the +x-direction. 
Thus W =+1.0 J-2.0 J=-1.0 J 

EVALUATE: The work done when the car moves from x=2.0 m to x=0 is —(2.0 N)(2.0 m) = -2.0 J. Adding 
this to the work for x=7.0 m to x=2.0 m gives a total of W =-3.0 J for x=7.0 m to x=0. The work for 
x=7.0 m to x=0 is the negative of the work for x=0 to x=7.0 m. 

IDENTIFY: Apply Wa =K,-K,. 

SETUP: K, =0. From Exercise 6.37, the work for x =0 to x=3.0 mis 4.0 J. W for x=0 to x= 4.0 mis also 
4.0 J. For x=0to x=7.0m, W =3.0J. 

EXECUTE: (a) K =4.0 J ,so v=,/2K/m =,/2(4.0 J)/(2.0 kg) = 2.00 m/s. 

(b) No work is done between x =3.0 m and x= 4.0 m, so the speed is the same, 2.00 m/s. 

(c) K =3.0 J, so v=V2K/m =,/2(.0 J)/(2.0 kg) =1.73 m/s. 


EVALUATE: In each case the work done by F is positive and the car gains kinetic energy. 
IDENTIFY and SETUP: Apply Eq.(6.6). Let point 1 be where the sled is released and point 2 be at x =0 for part (a) 


and at x =—0.200 m for part (b). Use Eq.(6.10) for the work done by the spring and calculate K,. Then K, = mv; 


gives v,. 


EXECUTE: (a) W, 


tot 


=K,-K, so K,=K,+W,,, 
K, =0 (released with no initial velocity), K, =4mv; 
The only force doing work is the spring force. Eq.(6.10) gives the work done on the spring to move its end from x, to 


x,. The force the spring exerts on an object attached to it is F =—kx, so the work the spring does is 
W.., = -hik -ik =t - d/o}. Here x, =-0.375m and x, =0. Thus W, =4(4000 N/m)(- 0.375 m}? -0=281J. 
K,=K,+W,,, =0+281J=281J 


Then K, =4mv; implies v, = G8, |) = 2.83 m/s. 
Vm  \70.0kg 


(b) K,=K,+W, 
K,=0 
Wa =W p = thoy —$kxz. Now x, =0.200 m, so 


W, = +(4000 N/m)( -0.375 m)? —4(4000 N/m)(—0.200 m)? = 281 J —80 J =201 J 


Thus K, =0+201J=201J and K,=4mv; gives v, = e PORD =2.40 m/s. 
Ym  \70.0kg 


EVALUATE: The spring does positive work and the sled gains speed as it returns to x =0. More work is done 
during the larger displacement in part (a), so the speed there is larger than in part (b). 
IDENTIFY: F =kx 


SET Up: When the spring is in equilibrium, the same force is applied to both ends of any segment of the spring. 
EXECUTE: (a) When a force F is applied to each end of the original spring, the end of the spring is displaced a 
distance x. Each half of the spring elongates a distance x, , where x, =x/2 . Since F is also the force applied to each 


half of the spring, F = kx and F =k,x,. ke = kx, and k, = (=) =2k. 


Xh 
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6.41. 


6.42. 


(b) The same reasoning as in part (a) gives k,,, =3k , where Keg is the force constant of each segment. 


seg 
EVALUATE: For half of the spring the same force produces less displacement than for the original spring. Since 

k = F /x, smaller x for the same F means larger k. 

IDENTIFY and SETUP: Apply Eq.(6.6) to the glider. Work is done by the spring and by gravity. Take point 1 to be 
where the glider is released. In part (a) point 2 is where the glider has traveled 1.80 m and K, =0. There two points 


are shown in Figure 6.41a. In part (b) point 2 is where the glider has traveled 0.80 m. 
EXECUTE: (a) W,,,=K,—K,=0. Solve for x, the amount the spring is initially compressed. 


Wa =W, +W,, =0 


tot spr 


So W. =-W 


spr w 
(The spring does positive work on 
the glider since the spring force is 
directed up the incline, the same as 
the direction of the displacement.) 


ot 


Figure 6.41a 


The directions of the displacement and of the gravity force are shown in Figure 6.41b. 
: W,, =(weos @)s = (mg cos 130.0°)s 
W, = (0.0900 kg)(9.80 m/s*)(cos130.0°)(1.80 m) = —1.020 J 


(The component of w parallel to the incline is 
directed down the incline, opposite to the 
displacement, so gravity does negative work.) 


130.0° 


Figure 6.41b 
W =-W,=+1.020 J 


sr 


[2w. | 
Wp = yk so x =4;—" = 201.020 D _ 9.0565 m 
k 640 N/m 


(b) The spring was compressed only 0.0565 m so at this point in the motion the glider is no longer in contact with the 
spring. Points 1 and 2 are shown in Figure 6.41c. 


K,=? 
_ ee AA 2 Wa =K,-K, 
v =0 K, =K +Woa 
K, =0 


Figure 6.41c 


From part (a), W,,, =1.020 J and 

W, = (mg cos130.0°)s = (0.0900 kg)(9.80 m/s?)(cos130.0°)(0.80 m) = -0.454 J 

Then K, =W,, +W, =+1.020 J -0.454 J = +0.57 J. 

EVALUATE: The kinetic energy in part (b) is positive, as it must be. In part (a), x, =0 since the spring force is no 
longer applied past this point. In computing the work done by gravity we use the full 0.80 m the glider moves. 
IDENTIFY: Apply W =K, -—K, to the brick. Work is done by the spring force and by gravity. 


SET Up: At the maximum height. v = 0. Gravity does negative work, W,,,, =—mgh . The work done by the spring 


is +kd* , where d is the distance the spring is compressed initially. 
EXECUTE: The initial and final kinetic energies of the brick are both zero, so the net work done on the brick by the 
spring and gravity is zero, so (1/2)kd* -mgh =0, or 


d =\{/2mgh/k = 21.80 kg)(9.80 m/s”)(3.6 m)/(450 N/m) =0.53 m. The spring will provide an upward force 


while the spring and the brick are in contact. When this force goes to zero, the spring is at its uncompressed length. 
But when the spring reaches its uncompressed length the brick has an upward velocity and leaves the spring. 
EVALUATE: Gravity does negative work because the gravity force is downward and the brick moves upward. The 
spring force does positive work on the brick because the spring force is upward and the brick moves upward. 
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6.43. IDENTIFY: Apply the relation between energy and power. 
SETUP: Use P= r to solve for W, the energy the bulb uses. Then set this value equal to tmv? and solve for the 
t 


speed. 
EXECUTE: W = PAt = (100 W)(3600s) =3.6x10° J 


5 
K =3.6x10°J so v= ee = |206x10 D gs m/s 
m 70 kg 


EVALUATE: Olympic runners achieve speeds up to approximately 36 m/s, or roughly one third the result calculated. 
6.44. IDENTIFY: Energy is power times time. 


SETUP: 1W=1 J/s. lyr=3.16x10's. 


(1.0x10° J/yr) 
(3.16107 s/yr) 


EXECUTE: (a) =3.2x10" W. 


11 
(b) aa a kW/person. 
3.0x10° folks 
11 
(c) A S210 W 2900 uw [R00 ane 


~ (0.40)1.0x10° W/m? 


EVALUATE: The area in part (c) corresponds to a square about 28 km on a side, which is about 18 miles. The space 
required is not an impediment. 


6.45. IDENTIFY: P, = ST . AW is the energy released. 
t 
SETUP: AW is to be the same. 1 y =3.156x10' s. 


EXECUTE: P,At=AW =constant,so P unAn = PymAt 


5 7 
Pg = Pog | ae |a| x10 yII-156%10" V1) 3 9108p, 
i o \ Ata 0.20 s 
EVALUATE: Since the power output of the magnetar is so much larger than that of our sun, the mechanism by which 
it radiates energy must be quite different. 
6.46. IDENTIFY: The thermal energy is produced as a result of the force of friction, F = mg. The average thermal 


power is thus the average rate of work done by friction or P = Fv, 


ll av * 
SET UP: Viy = a -f2 msi 


EXECUTE: P= Fv, =| (0.200)(20.0 kg)(9.80 m/s?) |(4.00 m/s) =157 W 


EVALUATE: The power could also be determined as the rate of change of kinetic energy, AK/t, where the time is 


) = 4.00 m/s 


calculated from v, =v; +at and a is calculated from a force balance, YF =ma = mg. 

6.47. IDENTIFY: Use the relation P = Fv to relate the given force and velocity to the total power developed. 
SETUP: lhp=746 W 
EXECUTE: The total power is P = Fy = (165 N)(9.00 m/s) =1.49x10° W. Each rider therefore contributes 


Pvc titer = (1.49 x 10° W)/2=745 W © 1 hp. 
EVALUATE: The result of one horsepower is very large; a rider could not sustain this output for long periods of 
time. 


6.48. IDENTIFY and SETUP: Calculate the power used to make the plane climb against gravity. Consider the vertical 
motion since gravity is vertical. 
EXECUTE: The rate at which work is being done against gravity is 
P = Fv = mgv =(700 kg)(9.80 m/s’ )(2.5 m/s) =17.15 kW. 
This is the part of the engine power that is being used to make the airplane climb. The fraction this is of the total is 
17.15 kW/75 kW =0.23. 


EVALUATE: The power we calculate for making the airplane climb is considerably less than the power output of the 
engine. 
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6.49. IDENTIFY: P, = a . The work you do in lifting mass m a height / is mgh. 
t 


SETUP: 1lhp=746 W 

EXECUTE: (a) The number per minute would be the average power divided by the work (mgh) required to lift one 
(0.50 hp) (746 W/hp) 

” (30 kg) (9.80 m/s”) (0.90 m) 
(100 W) 

(30 kg) (9.80 m/s) (0.90 m) 
EVALUATE: A 30-kg crate weighs about 66 Ibs. It is not possible for a person to perform work at this rate. 

6.50. IDENTIFY and SETUP: Use Eq.(6.15) to relate the power provided and the amount of work done against gravity in 
16.0 s. The work done against gravity depends on the total weight which depends on the number of passengers. 
EXECUTE: Find the total mass that can be lifted: 

A 
ais W x mgh so m= EÉ 
At t gh 


e =2.984x10* W 
1 hp 


Foes P t _ (2.984x10* W)(16.0 s) 
gh (9.80 m/s*)(20.0 m) 
This is the total mass of elevator plus passengers. The mass of the passengers is 2.436x10° kg -600 kg =1.836x10° kg. 


_ 1.836x10° k 
The number of passengers is Le oE = 28.2. 28 passengers can ride. 
65.0 kg 
EVALUATE: Typical elevator capacities are about half this, in order to have a margin of safety. 


6.51. IDENTIFY: Calculate the gallons of gasoline consumed and from that the energy consumed. Find the time At for the 


=1.41 /s, or 84.6 /min. 


(b) Similarly, = 0.378 /s, or 22.7 /min. 


Py = (40 r» 


=2.436x10° kg 


: A : 
trip and use P, = a , where AW is the energy consumed. 
t 


SETUP: 200 km=124 mi 
124 mi 


EXECUTE: (a) The gallons of gasoline consumed is ————— = 4.13 gal. The energy consumed is 
30 mi/gal 
(4.13 gal)(1.3x10° J/gal) =5.4x10° J. 
è 9 
(b) The'time for hemp A agha P= A N d a WEN: 
60 mi/h At 7450 s 
20x10° 
EVALUATE: The rate of energy consumption is an =970 hp. 
746 W/hp 


6.52. IDENTIFY: Apply P=Fiv. F is the force F of water resistance. 
SETUP: 1lhp=746 W. 1 km/h = 0.228 m/s 
(0.70) P _ (0.70) (280,000 hp)(746 W/hp) 
ae (65 km/h) ((0.228 m/s)/(1 km/h)) 
EVALUATE: The power required depends on speed, because of the factor of v in P = Fv and also because the 


EXECUTE: F= =8.1x10°N. 


resistive force increases with speed. 

6.53. IDENTIFY: To lift the skiers, the rope must do positive work to counteract the negative work developed by the 
component of the gravitational force acting on the total number of skiers, 
F œ = Nmgsina . 


rope 


SETUP: P= Fy = Fop” 


rope 


EXECUTE: P e = Fop” =| +Nmg (cosg) |v . 


rope 


P p =| (50 riders)(70.0 kg)(9.80 ms')(cos75.09)]| (12.0 tmn)( | 


P. =2.96x10* W =29.6 kW. 


rope 
EVALUATE: Some additional power would be needed to give the riders kinetic energy as they are accelerated from 
rest. 
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6.54. 


6.55. 


6.56. 


6.57. 


IDENTIFY: Relate power, work and time. 

SETUP: Work done in each stroke is W = Fs and P, =W/t. 

EXECUTE: 100 strokes per second means P, =100Fs/t with t =1.00 s, F =2mg and s=0.010 m. P, =0.20 W. 
EVALUATE: For a 70 kg person to apply a force of twice his weight through a distance of 0.50 m for 100 times per 
second, the average power output would be 7.0x10° W . This power output is very far beyond the capability of a 


person. 
IDENTIFY: For mass dm located a distance x from the axis and moving with speed v, the kinetic energy is 


K= 4+(dm)v* . Follow the procedure specified in the hint. 


SETUP: The bar and an infinitesimal mass element along the bar are sketched in Figure 6.55. Let M = total mass 


. ; 27x 
and T = time for one revolution . v = Ea ; 


EXECUTE: K= f dmy . dm= a , SO 


e Heo 2) E E Geer 


There are 5 revolutions in 3 seconds, so T =3/5 s =0.60 s 


K =$2°(12.0 kg) (2.00 m)? /(0.60 s)? =877 J. 


EVALUATE: Ifa point mass 12.0 kg is 2.00 m from the axis and rotates at the same rate as the bar, 

in 22(2.00 m) 
0.60 s 

0.33. The speed of a segment of the bar decreases toward the axis. 


dm j 


=20.9 m/sand K =+mv?° =4(12 kg)(20.9 m/s)’ =2.62x10° J . K for the bar is smaller by a factor of 
2 2 8 


x E WE 
Pivot A = F 
dx 
Figure 6.55 


IDENTIFY: Density is mass per unit volume, p =m/V , so we can calculate the mass of the asteroid. K =4mv’ . 


Since the asteroid comes to rest, the kinetic energy it delivers equals its initial kinetic energy. 


. ae 1 
SETUP: The volume ofa sphere is related to its diameter by V = ae ue 


EXECUTE: (a) V = 7320 m)? =1.72x10’ m°. m= pV =(2600 kg/m*)(1.72 x10’ m°?) = 4.47 x10" kg . 


K =imv’ =4(4.47x10" kg)(12.6x10° m/s)’ =3.55x10"° J. 


2 


18 
(b) The yield of a Castle/Bravo device is (1 s)(4.184x10"° J) =6.28x10"° J. SEELEN 56.5 devices . 
7 6.28x10 J 


EVALUATE: Ifsuch an asteroid were to hit the earth the effect would be catastrophic. 
IDENTIFY and SET UP: Since the forces are constant, Eq.(6.2) can be used to calculate the work done by each force. 
The forces on the suitcase are shown in Figure 6.57a. 


Figure 6.57a 


In part (£), Eq.(6.6) is used to relate the total work to the initial and final kinetic energy. 
EXECUTE: (a) W, =(F cos@)s 


Both F and § are parallel to the incline and in the same direction, so ¢=90° and W, = Fs =(140 N)(3.80 m) =532 J 
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6.58. 


6.59. 


6.60. 


(b) The directions of the displacement and of the gravity force are shown in Figure 6.57b. 


W,, =(weos @)s 

¢=115°, so 

W, = (196 N)(cos115°)(3.80 m) 
W,,=-315J 


Figure 6.57b 
Alternatively, the component of w parallel to the incline is wsin25°. This component is down the incline so its angle 


with § is ¢=180°. W, 


sinase = (196 Nsin25°)(cos180°)(3.80 m) =—315 J. The other component of w, wceos25°, is 
perpendicular to s and hence does no work. Thus W, =W .,. 55. =—315 J, which agrees with the above. 

(c) The normal force is perpendicular to the displacement (¢=90°), so W, =0. 

(d) n=wcos25° so f, = 44n = L4,weos 25° = (0.30)(196 N)cos25° = 53.3 N 


W, = (f, cos ø)x = (53.3 N)(cos180°)(3.80 m) =—202 J 


(e) Wa =W, +W, +W, +W, = 4532 J -315 J +0 -202 J =15 J 
(f) Wa =K,-K, K,=0, so K, =Wa 

2 2(1 
tmv} =W 80 v = oa AD =1.2 m/s 

m \ 20.0 kg 


EVALUATE: The total work done is positive and the kinetic energy of the suitcase increases as it moves up the incline. 
IDENTIFY: The work he does to lift his body a distance h is W = mgh . The work per unit mass is (W/m) = gh. 
SETUP: The quantity gh has units of N/kg. 

EXECUTE: (a) The man does work, (9.8 N/kg) (0.4 m) =3.92 J/kg. 

(b) (3.92 J/kg)/(70 J/kg) x100 =5.6%. 

(c) The child does work (9.8 N/kg)(0.2 m) =1.96 J/kg. (1.96 J/kg)/(70 J/kg) x100 = 2.8%. 

(d) If both the man and the child can do work at the rate of 70 J/kg, and if the child only needs to use 1.96 J/kg 
instead of 3.92 J/kg, the child should be able to do more chin-ups. 


EVALUATE: Since the child has arms half the length of his father’s arms, the child must lift his body only 0.20 m to 
do a chin-up. 
IDENTIFY: Apply the definitions of IMA and AMA given in the problem. 
SET Up: When the object moves a distance L along the ramp, it rises a vertical distance Lsina . 
1 
sin a ` 
(b) If AMA = IMA, (Fig f Fn) = (Sin one and SO (Fr) (Sout) = (Fa) (Sin) » Or Wou = W, 
(c) The pulley is sketched in Figure 6.59. 
(d) e= Wo = CE Sou) = File = AMA : 
Wn (Fa Sin) Sin [Sout IMA 
=w. (F,)(s,,) =(wsina)L. (F, (Sou) = w(sin aL) . Therefore, 


(Fa (Sn) = (Fou )(Sour) - A smaller force acting over a larger distance does the same amount of work as a larger force 


EXECUTE: (a) sa =L, Sa =Lsina, so IMA = 


nt 


EVALUATE: F,, =wsina@ and F, 


out 


acting over a smaller distance. 


Figure 6.59 
IDENTIFY: Apply YF = ma to each block to find the tension in the string. Each force is constant and W = Fs cosø. 
SET Up: The free-body diagram for each block is given in Figure 6.60. m, = DAN = 2.04 kg and 
g 


SEUN te 


g 


Mpg 
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6.61. 


6.62. 


6.63. 


EXECUTE: T-f,=m,a.w,-T=m,a.w,—f,=(m,+m,)a. 


f=0. a-[ u Jaa r=w Ma Jew Pa J-750N. 
m,+mMs, m,+mMs, W4 + Wp 


20.0 N block: W 


tot 


12.0 N block: W 


tot 


: W, — LW m w 
(b) f =w, =6.50N. gq =a a T= fe + (Wg al 4 Jem + (Wg | 4 }: 
m,r+mM, 


m,+M, wtw; 


= Ts = (7.50 N)(0.750 m) =5.62 J. 
= (w; —T)s = (12.0 N -7.50 N)(0.750 m) =3.38 J 


T =6.50 N + (5.50 N)(0.625)=9.94 N. 

20.0 N block: W,,, =(T — f,)s = (9.94 N -6.50 N)(0.750 m) = 2.58 J. 

12.0 N block: W,,, =(w, —T)s = (12.0 N -9.94 N)(0.750 m) =1.54 J. 
EVALUATE: Since the two blocks move with equal speeds, for each block W,,, = K, — K, is proportional to the mass 


tot 
tot 


(or weight) of that block. With friction the gain in kinetic energy is less, so the total work on each block is less. 


y T 
> B X 
n 
a 
R : | 
f ih 12.0N | 


Wp 
wą = 20.0N y 
(a) (b) 
Figure 6.60 


IDENTIFY: K= tm? . Find the speed of the shuttle relative to the earth and relative to the satellite. 
SETUP: Velocity is distance divided by time. For one orbit the shuttle travels a distance 27R . 
2 6 2 
Execute: (a) Lmv = m( = Sige AOU EG) ie | 9 Soc? 
2 2 T 2 (90.1 min) (60 s/min) 
(b) (1/2) mv” =(1/2) (86,400 kg) ((1.00 m)/(3.00 s)} = 4.80 x 10° J. 


EVALUATE: The kinetic energy of an object depends on the reference frame in which it is measured. 
IDENTIFY: W=Fscos@. W,,,=K,—K,. 


tot 
SETUP: f, =n. The normal force is n =mgcos@, with 8 =12.0° . The component of the weight parallel to the 


incline is mgsin#@ . 
EXECUTE: (a) ¢=180° and W, =—f,s =—(u,mgcos6)s = —(0.31)(5.00 kg)(9.80 m/s’)(cos 12.0°)(1.50 m) = -22.3 J 
(b) (5.00 kg)(9.80 m/s°)(sin12.0°)(1.50 m)=15.3 J. 


(c) The normal force does no work. 
(d) Wa =15.3 J-22.3J=-7.0 J. 
(e) K, =K,+W,,, = (1/2)(5.00 kg)(2.2 m/s)? -7.0 J=5.1 J , and so v, =,/2(5.1 J)/(5.00 kg) =1.4 m/s. 


EVALUATE: Friction does negative work and gravity does positive work. The net work is negative and the kinetic 
energy of the object decreases. 


IDENTIFY: The effective force constant is defined by k p = F'/x, where F is the force applied to each end of the 
spring combination and x is the amount the spring combination is stretched. 

SETUP: Consider a force F applied to each end of the combination. Then F and F, are the forces applied to each 
spring and F = F + F, . Each spring stretches the same amount x. 

EXECUTE: (a) F=køx. F=F,+F,=kx+k,x. Equating the two expressions for F gives ke =k, +k, . 

(b) The same procedure as in part (a) gives ky =k, +k, +++ ky. 


EVALUATE: The effective force constant of the configuration is greater than any of the force constants of the 
individual springs. More force is required to stretch the parallel combination that is required to stretch each separate 
spring the same amount. 
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6.64. IDENTIFY: The effective force constant is defined by k,, = F/x , where F is the force applied to each end of the 


spring combination and x is the amount the spring combination is stretched. 
SETUP: Consider a force F applied to each end of the combination. The same force F is applied to each spring. 
Spring | stretches a distance x, and spring 2 stretches a distance x,, where x, = F/k and x, = F/k,. The total 


distance the combination stretches is x =x, +x, . 


i F F F R Pa 
EXECUTE: (a) x= x, +x, gives =—=— and =—4 
Kote k k, kose k k, 
; ; 1 1 1 1 
(b) The same procedure as in part (a) gives =—4 Hed ; 
kose k k, ky 


: ; : kik. ; 
EVALUATE: For two springs the result in part (a) can be written as kẹ = Pana . The effective force constant for 
+ 
1 2 
the two springs in series is less than the force constant for each individual spring. It takes less force to stretch the 
combination an amount x than to stretch either separate spring an amount x. 
6.65. IDENTIFY: Apply Eq.(6.7). 
dx 1 
SET UP: Z RTE 


2 
X X 


x x? 


EXECUTE: (a) W = F dx = kf r al J -*( ee } The force is given to be attractive, so F, <0, 


and k must be positive. If x, >x, A. < 1 „and W <0. 
XX 


(b) Taking “slowly” to be constant speed, the net force on the object is zero. The force applied by the hand is 
; . ? ; 1 1 a ns TOR 
opposite F, , and the work done is negative of that found in part (a), or (4 = 4) , which is positive if x, >x. 
w v% 
(c) The answers have the same magnitude but opposite signs; this is to be expected, in that the net work done is zero. 
EVALUATE: Your force is directed away from the origin, so when the object moves away from the origin your force 
does positive work. 
6.66. IDENTIFY: Apply Eq.(6.6) to the motion of the asteroid. 
SET Up: Let point 1 be at a great distance and let point 2 be at the surface of the earth. Assume K, =0. From the 
information given about the gravitational force its magnitude as a function of distance r from the center of the earth 
must be F =mg(R,/r)°. This force is directed in the —F direction since it is a “pull”. F is not constant so Eq.(6.7) 
must be used to calculate the work it does. 


2 
EXECUTE: W= -JF ds = i [ae dr= mg; ( (l/r) ) =mgk,, 
e\ or 


Wi =K,—-K,, K,=0 

This gives K, =mgR, =1.25x10" J 

K, =4mv; so v, =.{/2K,/m =11,000 m/s 

EVALUATE: Note that v, = J2aR, , the impact speed is independent of the mass of the asteroid. 
6.67. IDENTIFY: Calculate the work done by friction and apply W, 


tot 


= Ķ, — K, . Since the friction force is not constant, 
use Eq.(6.7) to calculate the work. 

SET Up: Let x be the distance past P. Since ju, increases linearly with x, 44 =0.100+ Ax. When x=12.5m, 
4 = 9.600 , so A = 0.500/(12.5 m) = 0.0400/m 


EXECUTE: (a) W, 


‘ot 


; 1 A , 
=AK =K,- K, gives -f umgdx =0 mM . Using the above expression for 44 , 
2 


a 2 
gl, (0.100 + Ax)dx => and ¢[ (0.100), + až] = ai . (9.80 rs) (0.100), + (004001) | = $(4.50 m/s)’. 


Solving for x, gives x, =5.11m. 


(b) 44, = 0.100 + (0.0400/m)(5.11 m) = 0.304 
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6.69. 


6.70. 


vy. (450m/sy 
~ 2u,g 2(0.100)(9.80 m/s?) 
EVALUATE: The box goes farther when the friction coefficient doesn’t increase. 
IDENTIFY: Use Eq.(6.7) to calculate W. 

SET Up: x, =0. In part (a), x, =0.050 m. In part (b), x, = —0.050 m. 
EXECUTE: (a) W = w Fdx = fe (kx —bx? +cx°)dx = = -2x +9 ; 

W =(50.0 N/m)x; - (233 N/m?°)x} + (3000 N/m’)x}. When x, =0.050 m, W =0.12 J. 

(b) When x, =—0.050 m, W =0.17 J. 

(c) It’s easier to stretch the spring; the quadratic —bx° term is always in the —x -direction, and so the needed force, 
and hence the needed work, will be less when x, >0. 

EVALUATE: When x=0.050m, F,=4.75 N.When x=—0.050m, F.=8.25N. 


IDENTIFY and SET UP: Use YF = ma to find the tension force T. The block moves in uniform circular motion and 


(c) W, 10.3m. 


ot 


: 1 
=K,-K, gives —,mgx, =O- orm: xX, 


a =4,,,- 
(a) The free-body diagram for the block is given in Figure 6.69. 
ba 
EXECUTE: J F, =ma, 


= ý T= m% 
i 
x 2 
Pair 2 oe aN 
0.40 
mg 
Figure 6.69 
v? (2.80 m/s)? 


b) T =m =(0.120 k) CSSS) 94N 
(O ESEA D plom 


(c) SETUP: The tension changes as the distance of the block from the hole changes. We could use W = Í ‘i F, dx to 


calculate the work. But a much simpler approach is to use W, 


tot 


=K,-K,. 
EXECUTE: The only force doing work on the block is the tension in the cord, so W, 


tot 


=W,. 
K, =4my? =4(0.120 kg)(0.70 m/s)? = 0.0294 J 
K, =4mv? =4(0.120 kg)(2.80 m/s)’ = 0.470 J 

W, 


tot 


=K, — K, =0.470 J-0.029 J =0.44 J 


This is the amount of work done by the person who pulled the cord. 
EVALUATE: The block moves inward, in the direction of the tension, so T does positive work and the kinetic energy 
increases. 

IDENTIFY: Use Eq.(6.7) to find the work done by F. Then apply W, 


tot 


=K,-K,. 
dx 1 
SET UP: — =. 
J x x 
EXECUTE: W =|” Sax -o{+-+). W =(2.12x10°° N-m’)((0.200 m~) —(1.25x10° m™)) =-2.65x10"" J. 
1X xX, X, 


Note that x, is so large compared to x, that the term 1/x, is negligible. Then, using Eq. (6.13)) and solving for v, , 


_ -17 
v = ee ane (3.00%10° m/s)? +24 ao) DAAI als 
m (1.67x10~” kg) 


(b) With K, =0, W =—K,. Using W =-&, 


x, 


ee 2 2k 2(2.12x10™ N-m’) 
mv? (1.67x10” kg)(3.00x10° m/s)” 


1 


= 2.82107"? m. 
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6.71. 


6.72. 


6.73. 


6.74. 


(c) The repulsive force has done no net work, so the kinetic energy and hence the speed of the proton have their 


original values, and the speed is 3.00x10° m/s . 

EVALUATE: As the proton moves toward the uranium nucleus the repulsive force does negative work and the 
kinetic energy of the proton decreases. As the proton moves away from the uranium nucleus the repulsive force does 
positive work and the kinetic energy of the proton increases. 


IDENTIFY and SETUP: Use v, =dx/dt and a, =dv,/dt. Use YF =mé to calculate F from 4. 
EXECUTE: (a) x(t)=at?+ Bt’, v,(t)=—=2at+3hr° 
t=4.00 s: v, = 2(0.200 m/s’)(4.00 s) om m/s*)(4.00 s)? = 2.56 m/s. 


(b) a(t) = 
F, =ma,= A + 6ft) 
t=4.00 s: F, =6.00 kg(2(0.200 m/s”) + 6(0.0200 m/s*)(4.00 s)) = 5.28 N 


(c) IDENTIFY and SET Up: Use Eq.(6.6) to calculate the work. 
EXECUTE: W, =k, -K, 


tot 
At t4 =0, v,=0 so K,=0. 
Wa =Wr 


tot 
K, =4mv; = 4(6.00 kg)(2.56 m/s)? =19.7 J 
Then Woa =K, -K, gives that W, =19.7 J 


tot 


EVALUATE: v increases with ¢ so the kinetic energy increases and the work done is positive. We can also calculate 
W, directly from Eq.(6.7), by writing dx as v, dt and performing the integral. 


728th 


IDENTIFY: Since the capsule comes to rest, the amount of work the capsule does on the ground equals its original 
kinetic energy. Use constant acceleration kinematic equations to calculate the stopping time t; At =t . 
SETUP: 311 km/h=86.4 m/s. Let +y be the direction the capsule is traveling before the crash. 


EXECUTE: AW =K, =4mv; =+(210 kg)(86.4 m/s)’ =7.84x10° J. y- y, =0.810 m, v, =86.4 m/sand v, =0. 


4 = 5 
sg | Pe Neg pa = OO. piggy A I on ae ia 
2 v 86.4 m/s “Ar 0.01875 s 


0y 
EVALUATE: A large amount of work is done in a very small amount of time. 
IDENTIFY and SETUP: Use Eq.(6.6). You do positive work and gravity does negative work. Let point 1 be at the 
base of the bridge and point 2 be at the top of the bridge. 
EXECUTE: (a) W,,,=K,-K, 


tot 


K, =4mv? =4(80.0 kg)(5.00 m/s)? =1000 J 


2 


K, =4 mv? = }(80.0 kg)(1.50 m/s)’ =90 J 


2 
W., =90 J-1000 J=-910 J 
(b) Neglecting friction, work is done by you (with the force you apply to the pedals) and by gravity: 
Wa =W.,,, + W, The gravity force is w=mg = (80.0 kg)(9.80 m/s?) = 784 N, downward. The displacement is 


tot you gravity * 


5.20 m, upward. Thus ¢=180° and 


=(F cos¢)s = (784 N)(5.20 m)cos180° = -4077 J 


W ca ity 


Then Wot =Wyou + Woaravity gives 


tot you 


Won =Woa —W. 


you tot gravity 


=~910 J-(—4077 J) =43170J 


EVALUATE: The total work done is negative and you lose kinetic energy. 
IDENTIFY: Use Eq.(6.7) to calculate W. 


1 
SET UP: [xa = —— yy 


n-1 
b b 
~ n- l: “az 1x" =f? 


EXECUTE: (a) W = Note that for this part, for n>1,x""” 30 as x0. 
Xo x" P 
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6.76. 


6.77. 


(b) When 0 <n <1, the improper integral must be used, W = lim 


xX, >00 


(x3 — x") |, and because the exponent on 
(n-1) 

the x}"' is positive, the limit does not exist, and the integral diverges. This is interpreted as the force F doing an 
infinite amount of work, even though F > 0 as x, >. 


EVALUATE: The work-energy theorem says that an object gains an infinite amount of kinetic energy when an 
infinite amount of work is done on it. 
IDENTIFY: The negative work done by the spring equals the change in kinetic energy of the car. 


SET Up: The work done by a spring when it is compressed a distance x from equilibrium is —tkx”. K, =0. 
EXECUTE: -tk =K,-K, gives tix? =4mv and 
k =(mv?)/x? =[ (1200 kg)(0.65 m/s)’ |/(0.070 m}? =1.0x10° Nim. 


EVALUATE: When the spring is compressed, the spring force is directed opposite to the displacement of the object 
and the work done by the spring is negative. 

IDENTIFY: Apply W,,=K,—-K,. 

SETUP: Let x, be the initial distance the spring is compressed. The work done by the spring is +kx; —+4x° , where 
x is the final distance the spring is compressed. 


EXECUTE: (a) Equating the work done by the spring to the gain in kinetic energy, +hx; =4mv’ , so 


v= É x)= = N 6 6602.98 tale 


m 0.0300 kg 
(b) W,,, must now include friction, so +mv’ =W,,, =4kx, — fc), where fis the magnitude of the friction force. Then, 
v= E x i i= Mei (0.060 m}? AOON N ei m) = 4.90 m/s. 
m m 0.0300 kg (0.0300 kg) 
(c) The greatest speed occurs when the acceleration (and the net force) are zero. Let x be the amount the spring is still 
; ; ‘6.00 N 
compressed, so the distance the ball has moved is x,- x. kx = f, x= I = Sy = 0.0150 m . To find the speed, 
k 400 N/m 

n 1 2 2 K j k 2 2 2f 

the net work is Woa =3k(x5 —x°) — f(x, — x) , so the maximum speed is v,,,. = (xp 7x") (x) =x). 
m m 


(0.060 m -0.0150 m) = 5.20 m/s 


V nax 


ER (0060 E ye 
(0.0300 kg) (0.0300 kg) 


EVALUATE: The maximum speed with friction present (part (c)) is larger than the result of part (b) but smaller than 
the result of part (a). 

IDENTIFY and SETUP: Use Eq.(6.6). Work is done by the spring and by gravity. Let point 1 be where the textbook 
is released and point 2 be where it stops sliding. x, =0 since at point 2 the spring is neither stretched nor 


compressed. The situation is sketched in Figure 6.77. 


EXECUTE: 
v=0 


Figure 6.77 


W.,. =+kx;, where x, =0.250 m (Spring force is in direction of motion of block so it does positive work.) 


spr 
Waic = — mgd 
Then W. 


= key (250 N/m)(0.250 m}? 
2u,mg  2(0.30)(2.50 kg)(9.80 m/s”) 


EVALUATE: The positive work done by the spring equals the magnitude of the negative work done by friction. The 
total work done during the motion between points 1 and 2 is zero and the textbook starts and ends with zero kinetic 
energy. 


=K,-K, gives +kx; — y,mgd =0 


=1.1m, measured from the point where the block was released. 


Work and Kinetic Energy 6-21 


6.78. 


6.79. 


6.80. 


6.81. 


6.82. 


IDENTIFY: Apply Wa =K,-—X, to the cat. 


SET Up: Let point 1 be at the bottom of the ramp and point 2 be at the top of the ramp. 
EXECUTE: The work done by gravity is W, =—mgLsin@ (negative since the cat is moving up), and the work done 


by the applied force is FL, where F is the magnitude of the applied force. The total work is 
W,., = (100 N)(2.00 m) —(7.00 kg)(9.80 m/s*)(2.00 m)sin30° =131.4 J. 


The cat’s initial kinetic energy is +mv? =4(7.00 kg)(2.40 m/s)’ = 20.2 J , and 


r Te 2(20.2 7 +1314 I) _ 5.58 m/s 
> m (7.00 kg) i 


EVALUATE: The net work done on the cat is positive and the cat gains speed. Without your push, 
W =W a =—68.6 J and the cat wouldn’t have enough initial kinetic energy to reach the top of the ramp. 


tot grav 


IDENTIFY: Apply W, 


tot 


=K,~-K, to the vehicle. 


SETUP: Call the bumper compression x and the initial speed v, . The work done by the spring is —4x° and 
K,=0. 


; 1 1 a host 
EXECUTE: (a) The necessary relations are ral = 5m kx <5 mg. Combining to eliminate k and then x, the two 


2 2 2 
inequalities are x > ” and k <25 ee . Using the given numerical values, x > pe =8.16 m and 
5g v 5(9.80 m/s“) 
(1700 kg)(9.80 m/s”) 


k<25 =1.02x10* N/m. 


(20.0 m/s)’ 


(b) A distance of 8 m is not commonly available as space in which to stop a car. Also, the car stops only momentarily 
and then returns to its original speed when the spring returns to its original length. 


EVALUATE: If k were doubled, to 2.04x10* N/m, then x =5.77 m. The stopping distance is reduced by a factor of 
1/V2 , but the maximum acceleration would then be kx/m = 69.2 m/s’, which is 7.07 g. 

IDENTIFY: Apply W,,,=K,—-—K,.W=Fscos¢. 

SETUP: The students do positive work, and the force that they exert makes an angle of 30.0° with the direction of 
motion. Gravity does negative work, and is at an angle of 120.0° with the chair’s motion, 

EXECUTE: The total work done is W, „ = ((600 N)cos30.0° + (85.0 kg)(9.80 m/s”)cos120.0°)(2.50 m) = 257.8 J , 


tot 
and so the speed at the top of the ramp is v, = fi +a = _|(2.00 m/s)? + ARCEN, 
(85.0 kg) 


m 
EVALUATE: The component of gravity down the incline is mgsin30° = 417 N and the component of the push up 


lot 


=3.17 m/s. 


the incline is (600 N)cos30° = 520 N . The force component up the incline is greater than the force component down 

the incline, the net work done is positive and the speed increases. 

IDENTIFY: Apply Wa =K, —K, to the blocks. 

SET Up: IfX is the distance the spring is compressed, the work done by the spring is —}4X*. At maximum 

compression, the spring (and hence the block) is not moving, so the block has no kinetic energy and x, =0. 

EXECUTE: (a) The work done by the block is equal to its initial kinetic energy, and the maximum compression is 
m 5.00 kg 


found from $kX* =4mv, and X =,/—v=,/———=-(6.00 m/s) = 0.600 m. 
k 500 N/m 


(b) Solving for v, in terms of a known X, v, = fhx = SOO N 6150 m) =1.50 m/s. 
m 5.00 kg 


EVALUATE: The negative work done by the spring removes the kinetic energy of the block. 

IDENTIFY: Apply W,,,=K,—X, to the system of the two blocks. The total work done is the sum of that done by 
gravity (on the hanging block) and that done by friction (on the block on the table). 

SET Up: Let / be the distance the 6.00 kg block descends. The work done by gravity is (6.00 kg)gh and the work 
done by friction is —, (8.00 kg)gh . 


lot 
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EXECUTE: W, = (6.00 kg —(0.25)(8.00 kg)) (9.80 m/s’) (1.50 m) = 58.8 J. This work increases the kinetic energy 


of both blocks: W mee +m,)v’,80 v= 20RD 5 80 tale 
2 (14.00 kg) 


EVALUATE: Since the two blocks are connected by the rope, they move the same distance h and have the same 
speed v. 

IDENTIFY and SET Up: Apply W, 
the cord, both blocks have the same speed at every point in the motion. Also, when the 6.00-kg block has moved 
downward 1.50 m, the 8.00-kg block has moved 1.50 m to the right. The target variable, 44, will be a factor in the 


= K,- K, to the system consisting of both blocks. Since they are connected by 


ot 


work done by friction. The forces on each block are shown in Figure 6.83. 


EXECUTE: K,=4m,y, +4m,v, =4(m,+m,)y; 
K,=0 


Figure 6.83 


The tension T in the rope does positive work on block B and the same magnitude of negative work on block A, so T 
does no net work on the system. Gravity does work W, =m,gd on block A, where d =2.00 m. (Block B moves 


horizontally, so no work is done on it by gravity.) Friction does work W, 


Woa =Woe +W; 


tot mg fric 


=-,m,gd on block B. Thus 


=m,gd — ,m,gd. Then W,,,=K,—K, gives m,gd — 4,m,gd =-4+(m,+m,)v, and 


ene 1(m,+m,)v; _ 6.00 kg l (6.00 kg +8.00 kg)(0.900 m/s)” = 
«im, m,gd 8.00kg 2(8.00 kg)(9.80 m/s*)(2.00 m) ` 


EVALUATE: The weight of block A does positive work and the friction force on block B does negative work, so the 
net work is positive and the kinetic energy of the blocks increases as block A descends. Note that K, includes the 


786 


kinetic energy of both blocks. We could have applied the work-energy theorem to block A alone, but then W, 


ot 
includes the work done on block A by the tension force. 

IDENTIFY: Apply W =K, -—K, . The work done by the force from the bow is the area under the graph of F, versus 
the draw length. 

SETUP: One possible way of estimating the work is to approximate the F versus x curve as a parabola which goes 


lot 


to zero at x =0 and x=x,, and has a maximum of F, at x =x,/2, so that F(x) =(4F,/x,)x(x, —x). This may 
seem like a crude approximation to the figure, but it has the advantage of being easy to integrate. 


2 3 
EXECUTE: | | Fdx = oe (x 9x x’) dx = a n- |= 2 Fx. With F, =200 N and x, =0.75 m, 
0 o Xi 2 3 3 
í 2 2(100 
W =100 J. The speed of the arrow is then l ie an) = 89 
m (0.025 kg) 


EVALUATE: We could alternatively represent the area as that of a rectangle 180 N by 0.55 m. This gives W =99 J, 
in close agreement with our more elaborate estimate. 

IDENTIFY: Apply Eq.(6.6) to the skater. 

SET Up: Let point 1 be just before she reaches the rough patch and let point 2 be where she exits from the patch. 
Work is done by friction. We don’t know the skater’s mass so can’t calculate either friction or the initial kinetic 
energy. Leave her mass m as a variable and expect that it will divide out of the final equation. 

EXECUTE: fy =0.25mg so W, =W =—(0.25mg)s, where s is the length of the rough patch. 

Wo =K,—K, 

K,=imv,, K,=4mv; =4m(0.45v,)° = 0.2025(Lmy, ) 

The work-energy relation gives —(0.25mg)s = (0.2025 —1)4mv; 


The mass divides out, and solving gives s =1.5 m. 
EVALUATE: Friction does negative work and this reduces her kinetic energy. 
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IDENTIFY: P,=F.v,,.Use F = ma to calculate the force. 


ll av 


_ 0+6.00 m/s 


SETUP: ve =3.00 m/s 


v—-v _ 6.00 m/s 
t 3.00s 
= ma = (65.0 kg)(2.00 m/s’) =130 N. 


EXECUTE: Your friend’s average acceleration is a = = 2.00 m/s’ . Since there are no other 


horizontal forces acting, the force you exert on her is given by F, 
P, =(130 N)(3.00 m/s) =390 W. 
EVALUATE: We could also use the work-energy theorem: W = K, —K, =4(65.0 kg)(6.00 m/s)’ =1170J . 


et 


= Ez Ta oe 390 W , the same as obtained by our other approach. 
t UU S 
IDENTIFY: To lift a mass m a height h requires work W = mgh . To accelerate mass m from rest to speed v requires 
W =K, -K =m. P, TLR 
At 


SETUP: t=60s 
EXECUTE: (a) (800 kg)(9.80 m/s*)(14.0 m) =1.10x10° J 
(b) (1/2)(800 kg)(18.0 m/s?) =1.30 x105 J. 
5 5. 
© 1.10x10 T E 
S 


EVALUATE: Approximately the same amount of work is required to lift the water against gravity as to accelerate it 
to its final speed. 


IDENTIFY: P=Fy and A =ma. 

SETUP: From Problem 6.71, v =2at +3ßť and a=2a+6ft. 

EXECUTE: P= Fy = mav =m(2a +6pt)(2at+3pt)=m(4a°t + 18a pt +1868). 

P =(0.96 N/s)t + (0.43 N/s’)t” + (0.043 N/s*)¢*?. At t =4.00 s, the power output is 13.5 W. 


EVALUATE: P increases in time because v increase and because a increases. 
IDENTIFY and SET Up: Energy is P.t. The total energy expended in one day is the sum of the energy expended in 


each type of activity. 

EXECUTE: 1 day =8.64x10* s 
Let t =8.64x10* st 
The energy expended in each activity is the power output times the time, so 

E = Pt =(280 W)t ay, + (100 W) =1.1x10" J 


other 


(280 W)t,, 4, + (100 W)(8.64 x10* s—t,,,) =1.1x107 J 
(180 W)t, a, =2.36x10° J 
t =1.31x10* s =218 min =3.6 h. 


walk 


wax De the time she spends walking and ¢,,,,, be the time she spends in other activities; toner Cogs 


EVALUATE: Her average power for one day is (1.1x10’ J)/({24][3600 s]) =127 W. This is much closer to her 

100 W rate than to her 280 W rate, so most of her day is spent at the 100 W rate. 

IDENTIFY and SETUP: W=Pt 

EXECUTE: (a) The hummingbird produces energy at a rate of 0.7 J/s to 1.75 J/s. At 10 beats/s, the bird must 
expend between 0.07 J/beat and 0.175 J/beat. 

(b) The steady output of the athlete is (500 W)/(70 kg) = 7 W/kg, which is below the 10 W/kg necessary to stay aloft. 
Though the athlete can expend 1400 W/70 kg = 20 W/kg for short periods of time, no human-powered aircraft could 
stay aloft for very long. 

EVALUATE: Movies of early attempts at human-powered flight bear out our results. 

IDENTIFY and SET Up: Use Eq.(6.15). The work done on the water by gravity is mgh, where h =170 m. Solve for 
the mass m of water for 1.00 s and then calculate the volume of water that has this mass. 


6-24 Chapter 6 
: 9 AW 
EXECUTE: The power output is P, = 2000 MW =2.00x10 W. P= ars and 92% of the work done on the water 
by gravity is converted to electrical power output, so in 1.00 s the amount of work done on the water by gravity is 
9 
_ PyAt _ (2.00x10" W)(1.00 s) -2.174x10° J 
0.92 0.92 
W = mgh, so the mass of water flowing over the dam in 1.00 s must be 
.174x10° 
NS Eris 
gh (9.80 m/s*)(170 m) 
1.30x10° k 
density = so V=—7>—= SURE £_=1.30x10° m°. 
V density 1.00x10° kg/m 

EVALUATE: The dam is 1270 m long, so this volume corresponds to about a m° flowing over each 1 m length of 

the dam, a reasonable amount. 
6.92. IDENTIFY: P= A and W =1mv’ , if the object starts from rest. a = 2 and x-x, = fvat ; 

t 
SET UP: Lp SAPE fe at sors 
i ae 2Pt 
EXECUTE: (a) The power P is related to the speed by Pt = K =4mv", so v=,/—— . 
m 
2Pt 2P 2P 1 P 
(b) a= dv = d = d Jt = = M 
dt dt\ m \m dt \ m aJt \V2mt 
2P pi 2P 2 3 8P 3 

ce) x-x, =|vdt= |— t dt = ir = ,{/—t?. 

© ` J m J m 3 9m 

EVALUATE: v, a, and x—x, at a particular time are all proportional to P"? . The result in part (b) could also be 

obtained from P=Fvand a=F'/m,so a ay 

vm 

6.93. IDENTIFY and SETUP: For part (a) calculate m from the volume of blood pumped by the heart in one day. For 

part (b) use W calculated in part (a) in Eq.(6.15). 

EXECUTE: (a) W = mgh, as in Example 6.11. We need the mass of blood lifted; we are given the volume 

-3 3 
V =(7500 [= ) =7.50 m°. 
IL 
m = density x volume = (1.05 x10° kg/m*)(7.50 m°?) = 7.875 x10° kg 
Then W = mgh =(7.875x10° kg)(9.80 m/s”)(1.63 m) =1.26x10° J. 
5 
b) P, _AW 126x10 J _ 46W. 
At (24 h)(3600 s/h) 

EVALUATE: Compared to light bulbs or common electrical devices, the power output of the heart is rather small. 

6.94. IDENTIFY: P=F\v=Mav. To overcome gravity on a slope that is at an angle a above the horizontal, P = (Mg sin æ)v. 


SETUP: 1MW=10° W. 1kN=10° N. When gis small, tang ~xsina . 

EXECUTE: (a) The number of cars is the total power available divided by the power needed per car, 
13.4x10° W 
(2.8x10° N)(27 m/s) 
(b) To accelerate a total mass at an acceleration a and speed v, the extra power needed is Mav. To climb a hill of 

angle a, the extra power needed is (Mgsina)v. This will be nearly the same if a ~ gsina; if 


=177, rounding down to the nearest integer. 


gsina ~ gtana~0.10 m/s’, the power is about the same as that needed to accelerate at 0.10 m/s’. 

(c) P=(Mgsina)v , where M is the total mass of the diesel units. 

P=(1.10x10° kg)(9.80 m/s”)(0.010)(27 m/s) = 2.9 MW. 

(d) The power available to the cars is 13.4 MW, minus the 2.9 MW needed to maintain the speed of the diesel units 
13.4x10° W —2.9x10° W 


on the incline. The total number of cars is then z 7 z =3 
(2.8x10° N + (8.2 x10° kg)(9.80 m/s*)(0.010))(27 m/s) 


> 


rounding to the nearest integer. 
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6.96. 


6.97. 


6.98. 


EVALUATE: Fora single car, Mgsina =(8.2x10* kg)(9.80 m/s*)(0.010) = 8.0x10° N , which is over twice the 
2.8 kN required to pull the car at 27 m/s on level tracks. Even a slope as gradual as 1.0% greatly increases the power 
requirements, or for constant power greatly decreases the number of cars that can be pulled. 

IDENTIFY: P= Fy. The force required to give mass m an acceleration a is F = ma. For an incline at an angle 

a above the horizontal, the component of mg down the incline is mgsina . 

SETUP: Forsmall a, sina ~tana. 

EXECUTE: (a) P, = Fv = (53 x10° N)(45 m/s) = 2.4 MW. 

(b) P = mav =(9.1x10° kg)(1.5 m/s*)(45 m/s) = 61 MW. 

(c) Approximating sina, by tana, and using the component of gravity down the incline as mgsina, 

P, =(mgsina)v = (9.1x10° kg)(9.80 m/s”)(0.015)(45 m/s) = 6.0 MW. 

EVALUATE: From Problem 6.94, we would expect that a 0.15 m/s’ acceleration and a 1.5% slope would require the 
same power. We found that a 1.5 m/s’ acceleration requires ten times more power than a 1.5% slope, which is 
consistent. 


IDENTIFY: W= Í : F dx ,and F, depends on both x and y. 


3 


SET Up: In each case, use the value of y that applies to the specified path. Í xdx=Ł}x°. Í xdx =1x 


1 
3 
EXECUTE: (a) Along this path, y is constant, with the value y =3.00 m. 

2.00 m 


W = ay |” xdx = (2.50 Nim*)(3.00 m( )- 15.0 J , since x, =0and x, =2.00 m. 


(b) Since the force has no y-component, no work is done moving in the y-direction. 
(c) Along this path, y varies with position along the path, given by y =1.5x, so F, =a@(1.5x)x =1.5ax’, and 


(2.00 m)? 


W = | ” Fdx =1.5a | ” x°dx =1.5(2.50 N/m’) =10.0J. 


EVALUATE: The force depends on the position of the object along its path. 


IDENTIFY and SETUP: Use Eq.(6.18) to relate the forces to the power required. The air resistance force is 
F,,,=+CApv’, where C is the drag coefficient. 
EXECUTE: (a) P=F,,v, with Fy =F. tE 


tot tot roll air 


F,,, =+CApv’ =4(1.0)(0.463 m*)(1.2 kg/m*)(12.0 m/s)’ = 40.0 N 
Fy = 4n = u,w = (0.0045)(490 N +118 N) = 2.74 N 

P =(F + Fa )v = (2.74 N +40.0 N)(12.0 s)=513 W 

(b) F =4CApv’ =+4(0.88)(0.366 m°)(1.2 kg/m*)(12.0 m/s)? = 27.8 N 
Fy = 44n = Uw = (0.0030)(490 N +88 N) =1.73 N 

P =(F + Fa)v =(1.73 N +27.8 N)(12.0 s)=354 W 


roll air 
(c) F =4CApv’ =+(0.88)(0.366 m°)(1.2 kg/m*)(6.0 m/s)” = 6.96 N 
Fy, = 44n =1.73 N (unchanged) 


P=(F,, +F,,)v =(1.73 N+ 6.96 N)(6.0 s) =52.1 W 


roll air 

EVALUATE: Since F, is proportional to v? and P = Fv, reducing the speed greatly reduces the power 
required. 

IDENTIFY: P=Fy 

SETUP: 1 m/s=3.6 km/h 

Po 28.0x10° W 

v (60.0 km/h)((1 m/s)/(3.6 kmh)) 
(b) The speed is lowered by a factor of one-half, and the resisting force is lowered by a factor of (0.65 + 0.35/4), 
and so the power at the lower speed is (28.0 kW)(0.50)(0.65 + 0.35/4) =10.3 kW = 13.8 hp. 

(c) Similarly, at the higher speed, (28.0 kW)(2.0)(0.65 + 0.35 x 4) =114.8 kW =154 hp. 


EVALUATE: At low speeds rolling friction dominates the power requirement but at high speeds air resistance 
dominates. 


EXECUTE: (a) F = =1.68x10° N. 
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6.99. 


6.100. 


IDENTIFY and SETUP: Use Eq.(6.18) to relate F and P. In part (a), F is the retarding force. In parts (b) and (c), 
F includes gravity. 
EXECUTE: (a) P= Fy, so F=P/v. 


P=(8.00 hp)| “0 ™ |= 5968 W 
1 hp 
v= (60.0 kin OO =) = 16.67 m/s 
Ikm J(3600s 
EEN RN, 
v 16.67 m/s 


(b) The power required is the 8.00 hp of part (a) plus the power P, required to lift the car against gravity. The 
situation is sketched in Figure 6.99. 


V sina 


I 
A mas O ii 
10 100 m 
2 =5.71° 
as, 
a \ 
100 m 
Figure 6.99 


The vertical component of the velocity of the car is vsin æ = (16.67 m/s)sin5.71° = 1.658 m/s. 
Then P, = F(vsina) = mgvsina = (1800 kg)(9.80 m/s’)(1.658 m/s) = 2.92 x10* W 


P =2.92x104 w( Lip )=39.1hp 
z 746 W 


The total power required is 8.00 hp +39.1 hp = 47.1 hp. 


(c) The power required from the engine is reduced by the rate at which gravity does positive work. The road incline 
angle æ is given by tana = 0.0100, so æ =0.5729°. 


P, = mg(vsin æ) = (1800 kg)(9.80 m/s°)(16.67 m/s)sin0.5729° = 2.94x10° W =3.94 hp. 
The power required from the engine is then 8.00 hp —3.94 hp = 4.06 hp. 


(d) No power is needed from the engine if gravity does work at the rate of P, =8.00 hp =5968 W 


P, =mgvsina@, so sina = Dia S x = 0.02030 
mgv (1800 kg)(9.80 m/s*)(16.67 m/s) 
a =1.163° and tana = 0.0203, a 2.03% grade. 
EVALUATE: More power is required when the car goes uphill and less when it goes downhill. In part (d), at this angle 
the component of gravity down the incline is mg sina =358 N and this force cancels the retarding force and no force 


from the engine is required. The retarding force depends on the speed so it is the same in parts (a), (b), and (c). 
IDENTIFY: Apply W,,,=K,-—X, to relate the initial speed v, to the distance x along the plank that the box moves 


before coming to rest. 
SET Up: The component of weight down the incline is mg sin æ , the normal force is mg cosa and the friction force 


lot 


is f = umgcosa . 


EXECUTE: AK =0 -Zm and W = [(-ng sin æ — umg cos a)dx. Then, 
0 


fives Ax? 

W= -mg Í (sin & + Ax cos a)dx, W = “mg in ax+ > cos a| 
0 

2 


1 ; AA 
Set W = AK : “sm =—mg sin ax + cos a| To eliminate x, note that the box comes to a rest when the force of 


static friction balances the component of the weight directed down the plane. So, mg sin œ = Ax mg cos & . Solve this for 


y : . 2 
PERE : ; sin a 1 ; sing l sina 
x and substitute into the previous equation: x = . Then, v =+g| sing t A cosg |, and 
cos a 2 Acosa 2 \ Acosa 
> 3gsin° a >. 3g sin’ a 
upon canceling factors and collecting terms, vg = "————. The box will remain stationary whenever v, =—-———— 


A cos & A cos & 
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6.102. 


6.103. 


EVALUATE: If y, is too small the box stops at a point where the friction force is too small to hold the box in place. 
sina increases and cosg decreases as œ increases, so the v) required increases as œ increases. 

IDENTIFY: In part (a) follow the steps outlined in the problem. For parts (b), (c) and (d) apply the work-energy theorem. 
SET Up: [eax =1;° 

EXECUTE: (a) Denote the position of a piece of the spring by /; / =0 is the fixed point and /=L is the moving end of 
the spring. Then the velocity of the point corresponding to /, denoted u, is u(/) =v(I/L) (when the spring is moving, l 
will be a function of time, and so u is an implicit function of time). The mass of a piece of length dl is dm =(M/L)dl, 

and so dK = dane = oe Me Mv ; 

2 2 E 2L 6 

(b) Lkx? =1mv", so v =4/(k/m)x = (3200 N/m)/(0.053 kg)(2.50x 107 m) =6.1 m/s. 

(c) With the mass of the spring included, the work that the spring does goes into the kinetic energies of both the ball 


Pdl, and K = f dK = [ira 2 


and the spring, so +kx° =}mv° +4Mv’. Solving for v, 


v= Baas ane Nay (2.50x10°m) =3.9 m/s. 
m+M/3 \(0.053 kg) + (0.243 kg)/3 
2 2 
(d) Algebraically, l mv = Cai =0.40 J and a: Ue =0.60 J. 
2 (1+ M/3m) 6 (1+ 3m/M) 
EVALUATE: For this ball and spring, ai = 3 Ue 0.65 . The percentage of the final kinetic energy 
inn M (0.243 kg 


that ends up with each object depends on the ratio of the masses of the two objects. As expected, when the mass of the 
spring is a small fraction of the mass of the ball, the fraction of the kinetic energy that ends up in the spring is small. 
IDENTIFY: In both cases, a given amount of fuel represents a given amount of work W, that the engine does in 


moving the plane forward against the resisting force. Write W, in terms of the range R and speed v and in terms of the 
time of flight T and v. 
SET Up: In both cases assume v is constant, so W, = RF and R=vT. 


EXECUTE: In terms of the range R and the constant speed v, W) = RF = rfar + £) 
v 


In terms of the time of flight T,R =vt, so W, =vIF = n(o +£) 
v 


(a) Rather than solve for R as a function of v, differentiate the first of these relations with respect to v, setting 


Ma =0 to obtain AR i + pe =0. For the maximum range, sis =0, so a =0. Performing the differentiation, 
dv dv dv dv dv 


T =2æv—2ß/iv?’ =0, which is solved for 


vV 
1/4 5 27,2 \/4 
»-(4) ae =32.9 m/s 118 kmh. 
a i "S/M 


(b) Similarly, the maximum time is found by setting Ler v)=0; performing the differentiation, 3av* — 8v? =0. 
v 


BY" (35x10 N-m/s? \" 
ee a2 MAS | =25 m/s =90 km/h. 
3a 3(0.30 N -5?/m?) 


EVALUATE: When v=(f/a)'", F has its minimum value F, =2./@f . For this v, R, = (0.50) = and 
Ja 


Wo 


Jab 


T, =(0.50)a""*B°* . When v=(f/3a@)'", F =2.3Ja8 . For this v, R, = (0.43) and T, =(0.57)a'*B°". 

R, >R, and T, >T,, as they should be. 

IDENTIFY: For each speed, calculate the time. Then use the graph to find the oxygen consumption and from that the 
energy consumption. 

SETUP: t=d/v 
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EXECUTE: (a) The walk will take one-fifth of an hour, 12 min. From the graph, the oxygen consumption rate 
appears to be about 12 cm*/kg- min, and so the total energy is 


(12 em*/kg - min) (70 kg) (12 min) (20 J/em*) = 2.0x10° J. 
(b) The run will take 6 min. Using an estimation of the rate from the graph of about 33 cm’/kg-min gives an energy 


consumption of about 2.8x10° J. 

(c) The run takes 4 min, and with an estimated rate of about 50 cm’/kg- min, the energy used is about 2.8x10° J. 
(d) Walking is the most efficient way to go. In general, the point where the slope of the line from the origin to the 
point on the graph is the smallest is the most efficient speed; about 5 km/h. 

EVALUATE: In an exercise program, for a fixed distance, running burns more energy than walking. 

IDENTIFY: Write equations similar to (6.11) for each component. Eq.(6.12) will now involve the sum of three 
integrals, one for each component. 

SETUP: v =v. +v +v 


EXECUTE: From F =md, F, = ma,,F,=ma, and F, =ma,. The generalization of Eq. (6.11) is then 


dv 
a,=V,—,a,=v,—, a, =v, D: . The total work is then 
ord ” ”dy * dz 

(x2;V2:22) X2 d Ja dv ; Z d 
Wa =f ; F dx + F dy+F.dz=m Í v Ys dx -f v,—dy -f v, Y dz |, 

(41.4521) a x dx no? dy Z dz 

Vy Vy2 v22 1 2 Df 2: Di, Tae 2 1 2 1 2: 

Wo, =m J. vdv, H vdv, + i vdv, |= z” Oa Va tV Va + Vig — VE = s mv; 5 mvi. 


EVALUATE: F and di are vectors and have components. W and K are scalars and we never speak of their 
components. 
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7.2. 


7.3. 


7.4. 


IDENTIFY: Upay =mgy so AU pay =mg(y,—),) 

SETUP: +y is upward. 

EXECUTE: (a) AU = (75 kg)(9.80 m/s?°)(2400 m -1500 m) =+6.6x10° J 
(b) AU = (75 kg)(9.80 m/s” )(1350 m -2400 m) = -7.7 x10% J 

EVALUATE: U, „ increases when the altitude of the object increases. 


grav 


IDENTIFY: Apply iF = mä to the sack to find the force. W = Fscos@. 


SETUP: The lifting force acts in the same direction as the sack’s motion, so ø =0° 

EXECUTE: (a) For constant speed, the net force is zero, so the required force is the sack’s weight, 

(5.00 kg)(9.80 m/s”) = 49.0 N. 

(b) W =(49.0 N) (15.0 m) = 735 J . This work becomes potential energy. 

EVALUATE: The results are independent of the speed. 

IDENTIFY: Use the free-body diagram for the bag and Newton's first law to find the force the worker applies. 
Since the bag starts and ends at rest, K, —- K, =0 and Wax =0. 


2.0 m 


SETUP: A sketch showing the initial and final positions of the bag is given in Figure 7.3a. sing = 3 and 


5m 
Ø =34.85° . The free-body diagram is given in Figure 7.3b. F is the horizontal force applied by the worker. In the 
calculation of U „take +y upward and y=Oat the initial position of the bag. 


grav 
EXECUTE: (a) XF, =0 gives T cos = mg and XF, =0 gives F =Tsing. Combining these equations to 
eliminate T gives F = mg tang = (120 kg)(9.80 m/s”) tan34.85° =820 N. 


(b) (i) The tension in the rope is radial and the displacement is tangential so there is no component of T in the 
direction of the displacement during the motion and the tension in the rope does no work. (ii) W,,, =0 so 


W sorker = W 0 = Vgray2 E U prav,1 = mg(y, g y) = a 20 kg)(9.80 m/s°)(0.6277 m) = 740 J K 
EVALUATE: The force applied by the worker varies during the motion of the bag and it would be difficult to 
calculate W oxe directly. 


worker 


2.872 m 


Tsing 


0.6277 m 
mg 


(a) (b) 
Figure 7.3 


IDENTIFY: Only gravity does work on him from the point where he has just left the board until just before he 
enters the water, so Eq.(7.4) applies. 
SETUP: Let point 1 be just after he leaves the board and point 2 be just before he enters the water. +y is upward 


and y =0 at the water. 
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7.5. 


7.6. 


7.7. 


7.8. 


EXECUTE: (a) K,=0. y,=0. y,=3.25m. K, +U 


grav, 1 
v, = /2gy, = (29.80 m/s)(3.25 m) = 7.98 m/s . 
(b) v, =2.50 m/s, y,=0, y,=3.25m. K,+U 


grav, 1 
2 A E 2 2 = 

v, =v? +2gy, = (2.50 m/s)’ + 2(9.80 m/s?)(3.25 m) = 8.36 m/s. 

(c) v, =2.5 m/s and v, =8.36 m/s , the same as in part (b). 


EVALUATE: Kinetic energy depends only on the speed, not on the direction of the velocity. 
IDENTIFY and SETUP: Use energy methods. 


(a) K,+U,+ 


=K, +U pava gives Usa, =K, and mgy, =+mv; . 


grav, 1 


Š, 1 2 zi 2) 
K, and tmv, + mgy, =}mv;. 


=K,+U,. Solve for K, and then use K, =4mv; to obtain v,. 
y -=x 
Y4 ` Winer =0 (The only force on the 
ball while it is in the air is gravity.) 
\ K 1 


ETSEM A 2 
X% 153m; K,= zm; 


other 


| 


22.0 m 


| 


U, =mgy,, y, =22.0 m 


x U, =mgy, =0, since y, =0 
F for our choice of coordinates. 
5 


Figure 7.5 


EXECUTE: tmv; +mgy,=4mv; 


v, =v? +2gy, = /(12.0 m/s}? +2(9.80 m/s?)(22.0 m) = 24.0 m/s 


EVALUATE: The projection angle of 53.1° doesn’t enter into the calculation. The kinetic energy depends only on 
the magnitude of the velocity; it is independent of the direction of the velocity. 

(b) Nothing changes in the calculation. The expression derived in part (a) for v, is independent of the angle, so 

v, = 24.0 m/s, the same as in part (a). 

(c) The ball travels a shorter distance in part (b), so in that case air resistance will have less effect. 

IDENTIFY: The normal force does no work, so only gravity does work and Eq.(7.4) applies. 

SETUP: K,=0. The crate’s initial point is at a vertical height of d sina above the bottom of the ramp. 


=K,+U 


grav, 


EXECUTE: (a) y,=0, y,=dsina. K, +U 


grav,1 
v, =/2gd sina. 


(b) y,=0, y, =-dsina. K, +U 


grav,1 


v, =./2gd sina , the same as in part (a). 
(c) The normal force is perpendicular to the displacement and does no work. 
EVALUATE: When we use U „ =mgy we can take any point as y =0 but we must take +y to be upward. 


grav 


> gives U 


grav, 1 


2 Bo oy stall gg hid 
=K,. mgdsina = mv, and 


=K, +U a2 gives 0=K, +U, 


ev» 0=4mv, +(—mgd sin æ) and 


IDENTIFY: Apply Eq.(7.7) to points 2 and 3. Take results from Example 7.6. W ne =—fS, the work done by friction. 

SETUP: Asin Example 7.6, K, =0, U,=94 J, and U, =0. 

2(38 J) 
2 kg 


EVALUATE: The value of v, we obtained is the same as calculated in Example 7.6. For the motion from point 2 to 


EXECUTE: The work done by friction is —(35 N) (1.6 m)=—56 J. K, =38 J, and v, = =2.5 m/s. 


point 3, gravity does positive work, friction does negative work and the net work is positive. 

IDENTIFY and SETUP: Apply Eq.(7.7) and consider how each term depends on the mass. 

EXECUTE: The speed is v and the kinetic energy is 4K. The work done by friction is proportional to the normal 
force, and hence to the mass, and so each term in Eq. (7.7) is proportional to the total mass of the crate, and the 
speed at the bottom is the same for any mass. The kinetic energy is proportional to the mass, and for the same 
speed but four times the mass, the kinetic energy is quadrupled. 

EVALUATE: The same result is obtained if we apply iF = mä to the motion. Each force is proportional to m 


and m divides out, so a is independent of m. 
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7.9. IDENTIFY: W 


tot 


= K, —K,. The forces on the rock are gravity, the normal force and friction. 
SETUP: Let y=0 at point B and let +y be upward. y, =R=0.50 m . The work done by friction is negative; 
W,=—0.22 J. K,=0. The free-body diagram for the rock at point B is given in Figure 7.9. The acceleration of 


the rock at this point is a,,, =v" /R , upward. 
EXECUTE: (a) (i) The normal force is perpendicular to the displacement and does zero work. 


(ii) Weray =U grav. — U pavs = ZV 4 = (0.20 kg)(9.80 m/s*)(0.50 m) = 0.98 J. 
b) Wa =W, +W, +W n = 0+ (0.22 J) +0.98 J =0.76 J. Wa =Ky—K, gives im? =W,,,. 
v= | 25) OTB) 2.8 m/s. 

m 0.20 kg 


(c) Gravity is constant and equal to mg. n is not constant; it is zero at A and not zero at B. Therefore, f, = 44,n 1s 
also not constant. 
(d) SE = ma, applied to Figure 7.9 gives n—mg = mana- 

[2.8 m/s] 


y? 
= +— |=(0.20 kg)| 9.80 m/s? += |=5.1N. 
x nl « = | : af i toe 


EVALUATE: In the absence of friction, the speed of the rock at point B would be ./2gR =3.1 m/s. As the rock 
slides through point B, the normal force is greater than the weight mg = 2.0 N of the rock. 


mg 


Figure 7.9 


7.10. IDENTIFY: Only gravity does work, so Eq.(7.4) applies. 
SETUP: Let point 1 be just after the rock leaves the thrower and point 2 be at the maximum height. Let 
y, =0and +y be upward. v, =v. At the highest point, v, =v,cos@. sin? 0 +cos?° 0 =1. 

2 


Dod, 
: 0 
gives tmv =4m(v,cos0) + mgy,. ya = P cos?) = 2E 7 
& 


EXECUTE: K,+U,,,,=K,+U, 


grav,2 , was to 


grav, 1 


be shown. 
EVALUATE: The initial kinetic energy is independent of the angle 0 but the kinetic energy at the maximum 
height depends on @, so the maximum height depends on 0. 
7.11. IDENTIFY: Apply Eq.(7.7) to the motion of the car. 
SETUP: Take y=0 at point A. Let point 1 be A and point 2 be B. 


K, +U, +W iner 
EXECUTE: U,=0, U,=mg(2R) =28,224 J, W ne = W, 
K, =4mv; =37,500 J, K,=4mv; =3840 J 
The work-energy relation then gives W, = K, +U, - K, = -5400 J. 


=K,+U, 


ther 


EVALUATE: Friction does negative work. The final mechanical energy (K, +U, =32,064 J) is less than the 
initial mechanical energy (K, +U, =37,500 J) because of the energy removed by friction work. 
7.12. IDENTIFY: Only gravity does work, so apply Eq.(7.5). 
SETUP: v =0,so mv; = mg(y,- yz). 
EXECUTE: Tarzan is lower than his original height by a distance y, — y, =/(cos30°—cos45°) so his speed is 


v =,/2gl(cos 30°—cos 45°) =7.9 m/s, a bit quick for conversation. 
EVALUATE: The result is independent of Tarzan’s mass. 


7-4 
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7.13. 


yı=0 
y, = (8.00 m)sin36.9° 
y, =4.80 m 


Figure 7.13a 


(a) IDENTIFY and SETUP: F is constant so Eq.(6.2) can be used. The situation is sketched in Figure 7.13a. 
EXECUTE: W, =(Fcos¢)s =(110 N)(cos0°)(8.00 m) =880 J 


EVALUATE: F isin the direction of the displacement and does positive work. 

(b) IDENTIFY and SETUP: Calculate W using Eq.(6.2) but first must calculate the friction force. Use the free- 
body diagram for the oven sketched in Figure 7.13b to calculate the normal force n; then the friction force can be 
calculated from f, = 44n. For this calculation use coordinates parallel and perpendicular to the incline. 


y 


x EXECUTE: X F, =ma, 
n—mgcos36.9° = 0 
n = mg cos36.9° 
Je = Ln = umg cos36.9° 
ME COTO f =(0.25)(10.0 kg)(9.80 m/s”) cos36.9° =19.6 N 


mg 


Figure 7.13b 


W, =(f, cosġ)s = (19.6 N)(cos180°)(8.00 m) =—157 J 

EVALUATE: Friction does negative work. 

(c) IDENTIFY and SETUP: U =mgy; take y=0 at the bottom of the ramp. 
EXECUTE: AU =U, —U, =mg(y, — y,) = (10.0 kg)(9.80 m/s”)(4.80 m—0) = 470 J 


EVALUATE: The object moves upward and U increases. 
(d) IDENTIFY and SET UP: Use Eq.(7.7). Solve for AK. 


EXECUTE: K,+U,+Wo, =K, +U, 
AK =K,- K, =U, —U, + Weer 

AK = Winer ~AU 

Wainer = Wr +W, =880 J -157 J = 723 J 
AU =470J 


Thus AK = 723 J -470 J =253 J. 
EVALUATE: W na is positive. Some of W, 


other other 


goes to increasing U and the rest goes to increasing K. 
(e) IDENTIFY: Apply XF =ma to the oven. Solve for a and then use a constant acceleration equation to 


calculate v,. 

SETUP: We can use the free-body diagram that is in part (b): 

DF =ma, 

F -f,—mgsin36.9° = ma 

_F-f,—mgsin36.9° _ 110 N -19.6 N -(10 kg)(9.80 m/s’)sin36.9° 
m 10.0 kg 

SETUP: v,,=0, a,=3.16 m/s’, x—x,=8.00m, v,, =? 


EXECUTE: a =3.16 m/s? 


2 2 
Voy = Vix + 2a, (x =X) 


EXECUTE: v,, = 2a, (x-x,) = 4268.16 m/s”)(8.00 m) =7.11 m/s? 
Then AK =K, - K, =4mv; =4(10.0 kg)(7.11 m/s}? =253 J. 
EVALUATE: This agrees with the result calculated in part (d) using energy methods. 
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7.14. 


7.15. 


7.16. 


7.17. 


7.18. 


IDENTIFY: Only gravity does work, so apply Eq.(7.4). Use iF = ma to calculate the tension. 
SET up: Let y=Oat the bottom of the arc. Let point 1 be when the string makes a 45° angle with the vertical and 


point 2 be where the string is vertical. The rock moves in an arc of a circle, so it has radial acceleration aa = vir 


EXECUTE: (a) At the top of the swing, when the kinetic energy is zero, the potential energy (with respect to the 
bottom of the circular arc) is mg/(1—cos 0), where / is the length of the string and 0 is the angle the string makes 


with the vertical. At the bottom of the swing, this potential energy has become kinetic energy, so 
mgl(1—cos0) =4mv’, or v =,/2gl(1—cos8) = /2(9.80 m/s’) (0.80 m) (1—cos45°) =2.1 m/s . 
(b) At 45° from the vertical, the speed is zero, and there is no radial acceleration; the tension is equal to the radial 
component of the weight, or mg cos 0 = (0.12 kg) (9.80 m/s’) cos 45° = 0.83 N. 
(c) At the bottom of the circle, the tension is the sum of the weight and the mass times the radial acceleration, 
mg + mv; [l = mg(1+ 2(1—-cos45°)) =1.9 N 


EVALUATE: When the string passes through the vertical, the tension is greater than the weight because the 
acceleration is upward. 


IDENTIFY: Apply U, =4kx . 

SETUP: kx=F ,so U =} Fx ,where F is the magnitude of force required to stretch or compress the spring a 
distance x. 

EXECUTE: (a) (1/2)(800 N)(0.200 m) =80.0 J. 

(b) The potential energy is proportional to the square of the compression or extension; 

(80.0 J) (0.050 m/0.200 m)? =5.0 J. 


EVALUATE: We could have calculated k = 2 = S09: N 


x 0.200 m 
IDENTIFY: Use the information given in the problem with F = kx to find k. Then U, =4kx° . 


= 4000 N/m and then used U „ =+kx* directly. 


SETUP: xis the amount the spring is stretched. When the weight is hung from the spring, F = mg . 
_F _mg _ (3.15 kg)(9.80 m/s”) 


EXECUTE: k = =2205 N/m. 
x x 0.1340 m-0.1200 m 
2 2(10.0 i ; 
X= Us = ‘| ( )) = +0.0952 m = +9.52 cm. The spring could be either stretched 9.52 cm or 
k 2205 N/m 


compressed 9.52 cm. If it were stretched, the total length of the spring would be 12.00 cm +9.52 cm = 21.52 cm. 
If it were compressed, the total length of the spring would be 12.00 cm—9.52 cm = 2.48 cm. 
EVALUATE: To stretch or compress the spring 9.52 cm requires a force F =kx =210N. 


IDENTIFY: Apply U, =4kx . 


SETUP: U,=4+kx, . xis the distance the spring is stretched or compressed. 

EXECUTE: (a)(i) x=2x gives Uy =4k(2x))° =4(44x5) =4U, . (ii) x =x,/2 gives 

Ua =4k(x,/2)? =i) =U, /4. 

(b) (i) U =2U, gives tix? = 2(4kx2) and x =x,V2. (ii) U =U, /2 gives the? =1(}kxê) and x=x,/V2. 
EVALUATE: Uis proportional to x’ and x is proportional to VU. 


IDENTIFY: Apply Eq.(7.13). 
SET UP: Initially and at the highest point, v=0, so K,=K,=0. W, 


=0 
other i 
EXECUTE: (a) In going from rest in the slingshot’s pocket to rest at the maximum height, the potential energy 


stored in the rubber band is converted to gravitational potential energy; 
U =mgy =(10x107 kg)(9.80 m/s”) (22.0 m) = 2.16 J. 


(b) Because gravitational potential energy is proportional to mass, the larger pebble rises only 8.8 m. 

(c) The lack of air resistance and no deformation of the rubber band are two possible assumptions. 

EVALUATE: The potential energy stored in the rubber band depends on k for the rubber band and the maximum 
distance it is stretched. 
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7.19. 


7.20. 


IDENTIFY and SETUP: Use energy methods. There are changes in both elastic and gravitational potential energy; 
elastic; U =1k’, gravitational: U = mgy. 


EXECUTE: (a) U=+k so x= jee = (220) = 0.0632 m = 6.32 cm 
k 1600 N/m 


(b) Points 1 and 2 in the motion are sketched in Figure 7.19. 
Y V= y K, +U, + Wore =K, +U, 


A =m y other i 
een Winer = 9 (Only work is that done 
ý by gravity and spring force) 
i {a ¥,=0 K,=0, K,=0 
P X y =0 at final position of book 
#1 #2 


U,=mg(h+d), U, =+kd° 
Figure 7.19 
0+mg(h+d)+0=+}kd?° 
The original gravitational potential energy of the system is converted into potential energy of the compressed 
spring. 
+kd* —mgd -mgh = 0 


d= 1 mg + jt + (5 Je 


d must be positive, so d = {mg + {(mgy + 2kmgh ) 


| oo 
1600 N/m 


((1.20 kg)(9.80 m/s?) + 


J(a.20 kg)(9.80 m/s’))* + 2(1600 N/m)(1.20 kg)(9.80 m/s*)(0.80 m) 
d =0.0074 m+ 0.1087 m=0.12 m=12 cm 


EVALUATE: It was important to recognize that the total displacement was h+d; gravity continues to do work as 
the book moves against the spring. Also note that with the spring compressed 0.12 m it exerts an upward force 
(192 N) greater than the weight of the book (11.8 N). The book will be accelerated upward from this position. 
IDENTIFY: Use energy methods. There are changes in both elastic and gravitational potential energy. 

SETUP: K,+U,+W.,,.. =K, +U,. Points 1 and 2 in the motion are sketched in Figure 7.20. 


The spring force and gravity are the 
only forces doing work on the cheese, 
SO Woe =0 and U =U gay + Uy. 


Figure 7.20 


EXECUTE: Cheese released from rest implies K, =0. 
At the maximum height v, =0 so K, =0. 

U, =U, a tU 
y, =0 implies U 


l, grav 
1, grav = 0 
U, «a = kx =+(1800 N/m)(0.15 m}? = 20.25 J 


(Here x, refers to the amount the spring is stretched or compressed when the cheese is at position 1; it is not the 
x-coordinate of the cheese in the coordinate system shown in the sketch.) 
U,=U,4+U 


2, grav 
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7.21. 


7.22. 


7.23. 


U, sav = MY, Where y, is the height we are solving for. U, „=0 since now the spring is no longer compressed. 
Putting all this into K, +U, + Winer = K3 +U, gives U, ea =U, grav 
_20.25J _ 20.25 J 


72 m 


=i 
= mg (1.20 kg)(9.80 m/s”) 


EVALUATE: The description in terms of energy is very simple; the elastic potential energy originally stored in the 
spring is converted into gravitational potential energy of the system. 

IDENTIFY: Apply Eq.(7.13). 

SETUP: Wine =0 . As in Example 7.7, K, =0 and U, =0.0250 J. 


other 
EXECUTE: For v, =0.20 m/s, K, =0.0040 J. U, =0.0210 J=+kx°, and x=+ un ie +0.092 m. The 
\ 5. m 


glider has this speed when the spring is stretched 0.092 m or compressed 0.092 m. 
EVALUATE: Example 7.7 showed that v, = 0.30 m/s when x =0.0800 m. As x increases, v, decreases, so our 


result of v, =0.20 m/s at x =0.092 m is consistent with the result in the example. 

IDENTIFY and SETUP: Use energy methods. The elastic potential energy changes. In part (a) solve for K, and 
from this obtain v,. In part (b) solve for U, and from this obtain x. 

(a) Ki +U, +W aine =K,+U, 


point 1: the glider is at its initial position, where x, =0.100 m and v, =0 


ther 


point 2: the glider is at x =0 
EXECUTE: K,=0 (released from rest), K, =4mv; 
U, =thy, U, =0, W, 


other 


=0 (only the spring force does work) 


Thus kx; =4mv3. (The initial potential energy of the stretched spring is converted entirely into kinetic energy of 


the glider.) 
v, =a JÉ EO E s00 Ris 
m 0.200 kg 


(b) The maximum speed occurs at x=0, so the same equation applies. 


1 2_1 2 
zhx, = mv, 


x, =v f” =2.50 m/s at = 0.500 m 
s m 


EVALUATE: Elastic potential energy is converted into kinetic energy. A larger x, gives a larger v,. 


: ‘ F kx , . 
IDENTIFY: Only the spring does work and Eq.(7.11) applies. a = — = —- , where F is the force the spring exerts 
m m 


on the mass. 
SETUP: Let point | be the initial position of the mass against the compressed spring, so K, =0 and U, =11.5J. 


Let point 2 be where the mass leaves the spring, so Ua, =0. 


2U 
EXECUTE: (a) K, +U., =K, +U gives U,,=K,. +mv} =U,,,and = sues ULIN D 
i i i i m 2.50 kg 


K is largest when U, is least and this is when the mass leaves the spring. The mass achieves its maximum speed of 


3.03 m/s as it leaves the spring and then slides along the surface with constant speed. 
(b) The acceleration is greatest when the force on the mass is the greatest, and this is when the spring has its 


De fs (os J) 


maximum compression. U =4kx? so x= | 0.0959 m . The minus sign indicates 


k 2500 N/m 
kx 2500 N, —0.0 
compression. F = —kx = ma and a, =-—= ( Eee 
; f m 2.50 kg 


EVALUATE: Ifthe end of the spring is displaced to the left when the spring is compressed, then a, in part (b) is to 
the right, and vice versa. 
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7.24, 


7.25. 


(a) IDENTIFY and SETUP: Use energy methods. Both elastic and gravitational potential energy changes. Work is 


done by friction. 

Choose point 1 as in Example 7.9 and let that be the origin, so y, =0. Let point 2 be 1.00 m below point 1, so 
Yy, =—1.00 m. 

EXECUTE: K +U, +W ne =K +U, 

K, =}4m}? = 4(2000 kg)(25 m/s)? =625,000 J, U, =0 
Winer = -f |» = —(17,000 N)(1.00 m) = -17,000 J 

K, = mg; 

U,= Uy) grav + Uy a =mgy, + shy; 

U, =(2000 kg)(9.80 m/s*)(—1.00 m) + 4(1.41x10° N/m)(1.00 m)? 
U, =—19,600 J+ 70,500 J = +50,900 J 

Thus 625,000 J -17,000 J = mv; +50,900 J 


tmv} = 557,100 J 


y = [2657100 I) _ 95 6 ms 
3 2000 kg l 


EVALUATE: The elevator stops after descending 3.00 m. After descending 1.00 m it is still moving but has 
slowed down. 


(b) IDENTIFY: Apply iF = ma to the elevator. We know the forces and can solve for a. 
SET uP: The free-body diagram for the elevator is given in Figure 7.24. 
EXECUTE: F =kd, where d is the 
i i A Sre n spring is compressed 
y y 
: Je +F — mg = ma 
| me fi + kd -mg = ma 


Figure 7.24 


fit kd -mg _ 17,000 N +(1.41x10° N/m)(1.00 m) — (2000 kg)(9.80 m/s?) 


=69.2 m/s’ 
m 2000 kg 


We calculate that a is positive, so the acceleration is upward. 

EVALUATE: The velocity is downward and the acceleration is upward, so the elevator is slowing down at this 
point. Note that a =7.1g; this is unacceptably high for an elevator. 

IDENTIFY: Apply Eq.(7.13) and F =ma. 

SETUP: W, 


other 


=0. There is no change in U 


grav ° 
EXECUTE: thx? = tmy? . The relations for m, v, , kand xare kx? = mv? and kx =5mg. 


2 2 
Dividing the first equation by the second gives x = = , and substituting this into the second gives k = 25 mg 
g 


K,=0, U, =0. 


z7: 


x 


(1160 kg)(9.80 m/s”) 


(a) k =25 = 4.46x10° N/m 


(2.50 m/s)? 
2 
(oy p= OY ibe 
5(9.80 m/s”) 


EVALUATE: Our results for k and x do give the required values for a, and v, : 


kx _ (4.46x10° N/m)(0.128 m) 


k 
m 1160 kg 


=49.2 m/s? =5.0g and v, = fé -25 m/s. 
m 


x 
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7.26. 


7.27. 


7.28. 


7.29. 


IDENTIFY: W „=mgcosøġ. 


grav 
SETUP: When he moves upward, ø =180° and when he moves downward, ø =0° . When he moves parallel to 
the ground, ¢=90°. 


EXECUTE: (a) W,,,, = (75 kg)(9.80 m/s”)(7.0 m)cos180° = -5100 J. 
(b) W, 


= (75 kg)(9.80 m/s*)(7.0 m)cos0° = +5100 J. 


(c) ¢=90° in each case and W, = 0 in each case. 


gray 
(d) The total work done on him by gravity during the round trip is —5100 J+5100 J=0. 

(e) Gravity is a conservative force since the total work done for a round trip is zero. 

EVALUATE: The gravity force is independent of the position and motion of the object. When the object moves 
upward gravity does negative work and when the object moves downward gravity does positive work. 
IDENTIFY: Apply W, = f.scos¢. fe =n. 


rav 


SETUP: For a circular trip the distance traveled is d = 2zr . At each point in the motion the friction force and the 
displacement are in opposite directions and ø =180° . Therefore, W, =—f,d=—f,(2r). n=mg so fy = Lng . 
EXECUTE: (a) W, =—,mg2ar =-(0.250)(10.0 kg)(9.80 m/s*)(277)(2.00 m) = -308 J. 


(b) The distance along the path doubles so the work done doubles and becomes —616 J. 

(c) The work done for a round trip displacement is not zero and friction is a nonconservative force. 

EVALUATE: The direction of the friction force depends on the direction of motion of the object and that is why 
friction is a nonconservative force. 

IDENTIFY and SET UP: The force is not constant so we must use Eq.(6.14) to calculate W. The properties of work 
done by a conservative force are described in Section 7.3. 


wW =| F -di, F=-avi 
EXECUTE: (a) dl = dyj (x is constant; the displacement is in the +y-direction ) 
F -di =0 (since f- j =0) and thus W =0. 
(b) dl = dxi 
F -di = (~ax i) (dxi) = -ax dx 


2 
12 N/m" (0.300 m)— (0.10 m)*) =-0.10 J 


W =|” (ax dr = -Lax*|* 


x 


3 3 
= a(x x)= 


(c) dl = dxi as in part (b), but now x, =0.30 m and x, =0.10 m 
W =-}a(xŻ — x?) = +0.10 J 


(d) EVALUATE: The total work for the displacement along the x-axis from 0.10 m to 0.30 m and then back to 
0.10 m is the sum of the results of parts (b) and (c), which is zero. The total work is zero when the starting and 
ending points are the same, so the force is conservative. 


3 3 3 3 
EXECUTE: W, sx, > -343 =% ) = Fax, = FAX; 
The definition of the potential energy function is W,_,.. =U, -U,. Comparison of the two expressions for W gives 


U =4ax’. This does correspond to U =0 when x =0. 
EVALUATE: In part (a) the work done is zero because the force and displacement are perpendicular. In part (b) 
the force is directed opposite to the displacement and the work done is negative. In part (c) the force and 
displacement are in the same direction and the work done is positive. 


IDENTIFY: Since the force is constant, use W = Fscos@. 

SETUP: For both displacements, the direction of the friction force is opposite to the displacement and ø =180°. 
EXECUTE: (a) When the book moves to the left, the friction force is to the right, and the work is 

—(1.2 N)(3.0 m) =-3.6 J. 

(b) The friction force is now to the left, and the work is again —3.6 J. 

(c) -7.2 J. 

(d) The net work done by friction for the round trip is not zero, and friction is not a conservative force. 


EVALUATE: The direction of the friction force depends on the motion of the object. For the gravity force, which 
is conservative, the force does not depend on the motion of the object. 
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7.30. IDENTIFY and SETUP: The friction force is constant during each displacement and Eq.(6.2) can be used to 
calculate work, but the direction of the friction force can be different for different displacements. 


f = mmg =(0.25)(1.5 kg)(9.80 m/s’) =3.675 N; direction of f is opposite to the motion. 
EXECUTE: (a) The path of the book is sketched in Figure 7.30a. 


> Carlos 


you 


Figure 7.30a 


For the motion from you to Beth the friction force is directed opposite to the displacement 5 and 
W, =- fs =—-(3.675 N)(8.0 m) = -29.4 J. 
For the motion from Beth to Carlos the friction force is again directed opposite to the displacement and 


W, =-29.4 J. 
W „ =W, +W, = -29.4 J -29.4 J = —59 J 
(b) The path of the book is sketched in Figure 7.30b. 
Be 8.0 m Carlos 
eth 
8.0 WA s =4/2(8.0 m}? =11.3 m 
S 
you 
Figure 7.30b 
f is opposite to 5, so W =- fs =—(3.675 N)(11.3 m) = —42 J 
© 
a For the motion from you to Kim 
you @———® Kim W =-fs 
— W =-(3.675 N)(8.0 m) = -29.4 J 
Figure 7.30c 
$ For the motion from Kim 
you @—— Kim to you 
pe W =- fs =-29.4 J 
s 
Figure 7.30d 


The total work for the round trip is —29.4 J -29.4 J = —59 J. 
(d) EVALUATE: Parts (a) and (b) show that for two different paths between you and Carlos, the work done by 
friction is different. Part (c) shows that when the starting and ending points are the same, the total work is not zero. 
Both these results show that the friction force is nonconservative. 

7.31. IDENTIFY: The work done by a spring on an object attached to its end when the object moves from x, to x, is 


W = kx; —+ky; . This result holds for any x; and x,. 


= 


SETUP: Assume for simplicity that x,, x,and x, are all positive, corresponding to the spring being stretched. 
EXECUTE: (a) $k(x; —x3) 

(b) —Sk(x; =x ). The total work is zero; the spring force is conservative. 

(c) From x, to x,, W =-+k(x} -x° ). From x, to x,, W=—-4+k(x; — x3). The net work is —+k(x} — x? ). This is 


the same as the result of part (a). 
EVALUATE: The results of part (c) illustrate that the work done by a conservative force is path independent. 
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7.32. 


7.33. 


7.34. 


7.35. 


7.36. 


IDENTIFY and SETUP: Use Eq.(7.17) to calculate the force from U(x). Use coordinates where the origin is at 


one atom. The other atom then has coordinate x. 
EXECUTE: 


E dx dx 
The minus sign mean that F, is directed in the —x-direction, toward the origin. The force has magnitude 6C,/x’ 
and is attractive. 
EVALUATE: U depends only on x so F is along the x-axis; it has no y or z components. 
IDENTIFY: Apply Eq.(7.16). 
SETUP: The sign of F, indicates its direction. 


EXECUTE: fF’, = “ =—-4ax' =-(4.8 J/m*)x* . F (—0.800 m) =-(4.8 J/m*)(—0.80 m}? = 2.46 N. The force is 
x 
in the +x-direction. 


EVALUATE: F.>0Owhen x<0and F, <0 when x >0, so the force is always directed towards the origin. 


IDENTIFY: Apply F(x)=- gue) : 
dx 
SET UP: a) = = 
x 
EXECUTE: F (x)= eee = Gmm, E 2| = Sui . The force on m, is in the —x-direction . This 
X x x 


is toward m,, so the force is attractive. 


EVALUATE: By Newton's 3™ law the force on m,due to m, is Gm,m,/x° , in the +x-direction (toward m, ). The 
gravitational potential energy belongs to the system of the two masses. 


IDENTIFY: Apply F, = ee and F = ooh 
i x 7 oy 
SETUP: r=(x° +y). ae - = => and aUn 5 ee 
Ox (x+y) oy (x+y) 
EXECUTE: (a) U(r)= Gm, rii, i= 2u ‘omm, |22- a and 
r i ox ox (x +y") 
F,= wad =+Gm,m, ae) = ny 
á oy oy (x +y") 


O) y =r so F, = and p = SY pa RP FE = ay? = A, 


c) F and F are negative. F =axand F,=ay, where ais a constant, so F and the vector F from m,to m, are 
x y 8 x y Y 1 2 


in the same direction. Therefore, F is directed toward m at the origin and F is attractive. 


: ps ; x ; ; 
EVALUATE: If @ is the angle between the vector F that points from m,to m, , then = = cos 0 and Z =sin@ . This 
r r 
gives F.=—F cos@ and F, =—Fsin@ , our more usual way of writing the components of a vector. 


IDENTIFY: Apply Eq.(7.18). 


d(1 2 d{1 2 
SET UP: z|=-- and 5 |=: 
dx\ x x dy\ y y 


EXECUTE: F= atts mee since U has no z-dependence. CU ==2@ and OU -= -24 


Ox oy Ox x? Oy y ae 


EVALUATE: F, and x have the same sign and F, and y have the same sign. When x >0, F, is in the 


+x-direction, and so forth. 
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7.38. 


7.39. 


IDENTIFY and SETUP: Use Eq.(7.17) to calculate the force from U. At equilibrium F = 0. 
(a) EXECUTE: The graphs are sketched in Figure 7.37. 
U F 


I 
a b 

i U= Ts 
J 

i : pc a 8 eo 
i dr r r 
0 

Figure 7.37 
PEN d 
(b) At equilibrium F =0, so ae 0 
r 
E OR 
r 


5 
6br° =12a; solution is the equilibrium distance 7, =(2a/b)'’° 

U is a minimum at this r; the equilibrium is stable. 

(c) At r=(2a/b)" $, U =a/r? -b/r =a(b/2a)y —b(b/ 2a) = -b° / 4a. 

At r—>, U=0. The energy that must be added is -AU =b*/4a. 

(d) n =(2a/b)'° =1.13x10-" m gives that 

2a/b=2.082x10 m“ and b/4a=2.402 x10” m“ 

b? /4a =b(b/ 4a) =1.54x10" J 

b(2.402 x10 m~*) =1.54x107'8 J and b =6.41x10 "° J-m°. 

Then 2a/b=2.082x10 m‘ gives a =(b/2)(2.082 x10 m‘) = 

4(6.41x10-™ J-m°)(2.082 x10 m‘) =6.67« 10° J-m” 

EVALUATE: As the graphs in part (a) show, F (r) is the slope of U(r) at each r. U(r) has a minimum where 
F=0. 

IDENTIFY: Apply Eq.(7.16). 


SET UP: Z is the slope of the U versus x graph. 


g ; eee d ; 
EXECUTE: (a) Considering only forces in the x-direction, F, = -Z and so the force is zero when the slope of 
X 


the U vs x graph is zero, at points b and d. 

(b) Point b is at a potential minimum; to move it away from b would require an input of energy, so this point is 
stable. 

(c) Moving away from point d involves a decrease of potential energy, hence an increase in kinetic energy, and the 
marble tends to move further away, and so d is an unstable point. 

EVALUATE: At point b, F is negative when the marble is displaced slightly to the right and F. is positive when 
the marble is displaced slightly to the left, the force is a restoring force, and the equilibrium is stable. At point d, a 
small displacement in either direction produces a force directed away from d and the equilibrium is unstable. 
IDENTIFY: Apply SF = mä to the bag and to the box. Apply Eq.(7.7) to the motion of the system of the box 


and bucket after the bag is removed. 
SETUP: Let y=Oat the final height of the bucket, so y, =2.00 mand y, =0. K, =0. The box and the bucket 


move with the same speed v, so K, =+(m,,. + Myuu) V > Woner =- fd , with d =2.00 mand f, = ,m,,.2 - 
Before the bag is removed, the maximum possible friction force the roof can exert on the box is 
(0.700)(80.0 kg + 50.0 kg)(9.80 m/s”) = 892 N . This is larger than the weight of the bucket (637 N), so before the 


bag is removed the system is at rest. 
EXECUTE: (a) The friction force on the bag of gravel is zero, since there is no other horizontal force on the bag 
for friction to oppose. The static friction force on the box equals the weight of the bucket, 637 N. 
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7.41. 


7.42. 


7.43. 


tot 


; 2 
(b) Eq.(7.7) gives Moyucke 81 -fd F imav ? with Mot = 145.0 kg VE [Flt = LM, gd) $ 


v= —Z _F 65.9 kg)(9.80 m/s)(2.00 m) —(0.400)(80.0 kg)(9.80 m/s”)(2.00 m) | A 
145.0 kg 
v=2.99 m/s. 
EVALUATE: Ifwe apply XF = mä to the box and to the bucket we can calculate their common acceleration a. 
Then a constant acceleration equation applied to either object gives v = 2.99 m/s , in agreement with our result 
obtained using energy methods. 
IDENTIFY: For the system of two blocks, only gravity does work. Apply Eq.(7.5). 
SETUP: Call the blocks A and B, where A is the more massive one. v}, =V, =0. Let y=0 for each block to be 


at the initial height of that block, so y,,=y,,=0. y,,=—1.20 mand y,, =+1.20 m. v,, =v,, =v, =3.00 m/s. 
EXECUTE: Eq.(7.5) gives 0=3(m, +m,)V; + g(1.20 m)\(m, —m,). m, +m; =15.0 kg. 

+(15.0 kg)(3.00 m/s)’ + (9.80 m/s*)(1.20 m)(15.0 kg —2m,) . Solving for m, gives m, =10.4 kg . And then 

mz =4.6 kg. 

EVALUATE: The final kinetic energy of the two blocks is 68 J. The potential energy of block A decreases by 122 J. 
The potential energy of block B increases by 54 J. The total decrease in potential energy is 122 J-54J=68 J, and 
this equals the increase in kinetic energy of the system. 

IDENTIFY: Apply K,+U,+W,,,, =K +U, 

Setup: U,=U,=K,=0. Won. =W; =-Mmgs, with s =280 ft =85.3 m 


other 
EXECUTE: (a) The work-energy expression gives mv, — „mgs =0. 
v, = /24,g8 = 22.4 m/s =50 mph; the driver was speeding. 


(b) 15 mph over speed limit so $150 ticket. 
EVALUATE: The negative work done by friction removes the kinetic energy of the object. 
IDENTIFY: Apply Eq.(7.14). 

SETUP: Only the spring force and gravity do work, so W, 


other 


=0.Let y =Oat the horizontal surface. 


EXECUTE: (a) Equating the potential energy stored in the spring to the block's kinetic energy, +kx° = imv’, or 


v= = 4 OO ND opi) =e 
m 2.00 kg 


(b) Using energy methods directly, the initial potential energy of the spring equals the final gravitational potential 
thx? _ (400 N/m)(0.220 m)’ 
mgsin@ (2.00 kg)(9.80 m/s°)sin37.0° 


EVALUATE: The total energy of the system is constant. Initially it is all elastic potential energy stored in the 
spring, then it is all kinetic energy and finally it is all gravitational potential energy. 
IDENTIFY: Use the work-energy theorem, Eq(7.7). The target variable yz, will be a factor in the work done by 


energy, 4 kx? =mgLsinð, or L= =0.821 m. 


friction. 

SETUP: Let point 1 be where the block is released and let point 2 be where the block stops, as shown in 
Figure 7.43. 

K, +U, + Woe = Ky +U, 


Work is done on the 


¥=0 v 0 


25, block by the spring and 
WY ae by friction, so Wyne =W; 
—_ 1.00 m ——> and U =U. 
Figure 7.43 


EXECUTE: K,=K,=0 
U, =U, a =4kx; =4(100 N/m)(0.200 m)’ = 2.00 J 


U, =U, 
W, 


other 


=0, since after the block leaves the spring has given up all its stored energy 


„el 
=W, =( f cosġ)s = 1,mg(cos $)s =—-4mgs, since ¢=180° (The friction force is directed opposite to the 


displacement and does negative work.) 
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7.44, 


7.45. 


7.46. 


7.47. 


Putting all this into K, +U, +, 


other 


=K, +U, gives 


Ua +W, =0 
LMgS =U, a 

Ua 200 J 
Me = = 


= 5 =0.41 
mgs (0.50 kg)(9.80 m/s*)(1.00 m) 
EVALUATE: U, ,+W,=0 says that the potential energy originally stored in the spring is taken out of the system 


by the negative work done by friction. 
IDENTIFY: Apply Eq.(7.14). Calculate f, from the fact that the crate slides a distance x = 5.60 m before coming 
to rest. Then apply Eq.(7.14) again, with x = 2.00 m. 


SETUP: U,=U,=360J.U,=0. K,=0. Wainer =-f,x - 
EXECUTE: Work done by friction against the crate brings it to a halt: U, = Winer - 
; . . 360 
Jx = potential energy of compressed spring , and fy = aa =64.29N. 
.60 m 


The friction force working over a 2.00-m distance does work equal to —f,x =—(64.29 N)(2.00 m) =—128.6 J. The 
kinetic energy of the crate at this point is thus 360 J—128.6 J= 231.4 J, and its speed is found from 


mv’ /2=231.4J,so v= 22314) <3 04 m/s . 
50.0 kg 


EVALUATE: The energy of the compressed spring goes partly into kinetic energy of the crate and is partly 
removed by the negative work done by friction. After the crate leaves the spring the crate slows down as friction 
does negative work on it. 

IDENTIFY: At its highest point between bounces all the mechanical energy of the ball is in the form of 
gravitational potential energy. 

SETUP: ŒE =U =mgh, where A is the height at the highest point of the motion. 

EXECUTE: (a) mgh = (0.650 kg)(9.80 m/s’)(2.50 m) =15.9 J 

(b) The second height is 0.75(2.50 m) =1.875 m, so the second mgh =11.9 J; it loses 15.9 J—11.9 J=4.0 J on 


first bounce. This energy is converted to thermal energy. 
(c) The third height is 0.75(1.875 m) =1.40 m, , so third mgh =8.9 J; it loses 11.9 J—8.9 J=3.0 J on second 


bounce. 

EVALUATE: In each bounce the ball loses 25% of its mechanical energy. 

IDENTIFY: Apply Eq.(7.14) to relate A and v, . Apply DF = mä at point B to find the minimum speed required 
at B for the car not to fall off the track. 

SETUP: AtB, a=v,/R, downward. The minimum speed is when n — 0 and mg = mv} /R . The minimum 
speed required is v, =,/gR. K, =0 and Wine =0. 


other 


EXECUTE: (a) Eq.(7.14) applied to points A and B gives U, -U, =+4mv; . The speed at the top must be at least 
4q 2R. Thus, mg(h—-2R) > mgR, or h> Žr. 
(b) Apply Eq.(7.14) to points A and C. U, —U, =(2.50)Rmg = Ko, so 


ve = /(5.00)gR = J(5.00)(9.80 m/s?)(20.0 m) =31.3 m/s. 


2 
The radial acceleration is a„a = T = 49.0 m/s’. The tangential direction is down, the normal force at point C is 


horizontal, there is no friction, so the only downward force is gravity, and a,,, = g =9.80 m/s’. 
EVALUATE: If h>ŻR , then the downward acceleration at B due to the circular motion is greater than g and the 
track must exert a downward normal force n. n increases as h increases and hence v, increases. 


(a) IDENTIFY: Use work-energy relation to find the kinetic energy of the wood as it enters the rough bottom. 
SET UP: Let point 1 be where the piece of wood is released and point 2 be just before it enters the rough bottom. 
Let y =0 be at point 2. 


EXECUTE: U,=K, gives K, =mgy,=78.4 J. 
IDENTIFY: Now apply work-energy relation to the motion along the rough bottom. 
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7.48. 


7.49. 


SETUP: Let point 1 be where it enters the rough bottom and point 2 be where it stops. 
K +U, + Woe = K +U, 


other 


EXECUTE: W 


other =W; =-4mgs, K, =U, =U, =0; K,=78.4 J 

78.4 J — u,mgs = 0; solving for s gives s =20.0 m. 

The wood stops after traveling 20.0 m along the rough bottom. 

(b) Friction does —78.4 J of work. 

EVALUATE: The piece of wood stops before it makes one trip across the rough bottom. The final mechanical 
energy is zero. The negative friction work takes away all the mechanical energy initially in the system. 


IDENTIFY: Apply Eq.(7.14) to the rock. Wane =W; - 


other 
SETUP: Let y=Oat the foot of the hill, so U, =0 and U, = mgh where A is the vertical height of the rock above 
the foot of the hill when it stops. 


EXECUTE: (a) At the maximum height, K, =0 . Eq.(7.14) gives Kponom +W; =U rop- 


: 1 h 
La — umg cosd = mgh . d =h/sin@, so —v, — u,gcos9—— = gh. 
2 2 sin ð 


cos 40° 


0° 


Zas m/s)? — (0.20)(9.8 m/s?) h=(9.8 m/s?°)h and h=9.3m. 


sin 
(b) Compare maximum static friction force to the weight component down the plane. 

f. = umg cos 6 = (0.75)(28 kg)(9.8 m/s°)cos40° =158 N . mgsin@ = (28 kg)(9.8 m/s*)(sin 40°) =176 N > f, , so 
the rock will slide down. 

(c) Use same procedure as in part (a), with h =9.3 m and v, being the speed at the bottom of the hill. 

U. 


E E 
Top tW; = Kg. MEOH COSY = ls and 


vz = 2gh—2y4,ghcos0/sin@ =11.8 mis. 

EVALUATE: For the round trip up the hill and back down, there is negative work done by friction and the speed 
of the rock when it returns to the bottom of the hill is less than the speed it had when it started up the hill. 
IDENTIFY: Apply Eq.(7.7) to the motion of the stone. 

SETUP: K +U, +W ine =K +U, 

Let point 1 be point A and point 2 be point B. Take y =0 at point B. 


EXECUTE: mgy,+5mv, =4mv;, with h=20.0 m and v, =10.0 m/s 


v, =; v? +2gh =22.2 m/s 


EVALUATE: The loss of gravitational potential energy equals the gain of kinetic energy. 

(b) IDENTIFY: Apply Eq.(7.8) to the motion of the stone from point B to where it comes to rest against the 
spring. 

SETUP: Use K,+U,+W. 


other 


=K,+U,, with point 1 at B and point 2 where the spring has its maximum 
compression x. 

EXECUTE: U,=U,=K,=0; K, =}mv with v, =22.2 m/s 

W, 


other 


=W, +W, =-uųmgs —}kx°, with s =100 m+x 


The work-energy relation gives K, +W me = 0. 


other 


1 
2 


my, — u,mgs —}kx?° =0 


Putting in the numerical values gives x? +29.4x -750 =0. The positive root to this equation is x =16.4 m. 
EVALUATE: Part of the initial mechanical (kinetic) energy is removed by friction work and the rest goes into the 
potential energy stored in the spring. 

(c) IDENTIFY and SET UP: Consider the forces. 

EXECUTE: When the spring is compressed x =16.4 m the force it exerts on the stone is F, = kx =32.8 N. The 
maximum possible static friction force is 

max f, = umg =(0.80)(15.0 kg)(9.80 m/s”) =118 N. 


EVALUATE: The spring force is less than the maximum possible static friction force so the stone remains at rest. 
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7.50. IDENTIFY: Once the block leaves the top of the hill it moves in projectile motion. Use Eq.(7.14) to relate the 
speed v, at the bottom of the hill to the speed v,,, at the top and the 70 m height of the hill. 


SETUP: For the projectile motion, take +y to be downward. a,=0, a, =g. Vos =Vrop> Voy =0 . For the motion 


up the hill only gravity does work. Take y =0 at the base of the hill. 
EXECUTE: First get speed at the top of the hill for the block to clear the pit. y = Jer . 20 m= S098 m/s’)t”. 


40m 


t=2.0 s. Then v,,¢=40 m gives Vro = 5 =20 m/s. 


S 


Energy conservation applied to the motion up the hill: K =U,,,+K 


Bottom Top Top gives 


im =mgh + Zm Va = Vp + 2gh = /(20 m/s}? +2(9.8 m/s?)(70 m) =42 m/s . 


Top * 


EVALUATE: The result does not depend on the mass of the block. 
7.51. IDENTIFY: Apply K, +U, +W me =K, +U, to the motion of the person. 


other 


SET UP: Point 1 is where he steps off the platform and point 2 is where he is stopped by the cord. Let y =0 at 
point 2. y,=41.0 m. Waa =—+kx*, where x=11.0 m is the amount the cord is stretched at point 2. The cord 


other 2 
does negative work. 
EXECUTE: K,=K,=U,=0, so mgy,—+kx’ =0 and k =631 N/m. 
Now apply F = kx to the test pulls: 
F=k so x= F/k =0.602 m. 
EVALUATE: All his initial gravitational potential energy is taken away by the negative work done by the force 
exerted by the cord, and this amount of energy is stored as elastic potential energy in the stretched cord. 
7.52. IDENTIFY: Apply Eq.(7.14) to the motion of the skier from the gate to the bottom of the ramp. 
SETUP: W ner =—4000 J. Let y =0 at the bottom of the ramp. 
EXECUTE: For the skier to be moving at no more than 30.0 m/s ; his kinetic energy at the bottom of the ramp can be 
mv’ _ (85.0 kg)(30.0 m/s)’ 
7 2 
means his combined U and K at the top of the ramp must be no more than 38,250 J + 4000 J = 42,250 J. His K at the 


mv? _ (85.0 kg)(2.0 m/s)? 
2 2 


no bigger than 


=38,250J . Friction does —4000 J of work on him during his run, which 


top is =170 J . His U at the top should thus be no more than 42,250 J—170 J = 42,080 J, 


42,080 J _ 42,080 J N: 
mg (85.0 kg)(9.80 m/s?) 
EVALUATE: In the absence of air resistance, for this A his speed at the bottom of the ramp would be 31.5 m/s. 
The work done by air resistance is small compared to the kinetic and potential energies that enter into the 
calculation. 
7.53. IDENTIFY: Use the work-energy theorem, Eq.(7.7). Solve for K, and then for v,. 


which gives a height above the bottom of the ramp of A = 50.5 m. 


SETUP: Let point 1 be at his initial position against the compressed spring and let point 2 be at the end of the barrel, 
as shown in Figure 7.53. Use F = kx to find the amount the spring is initially compressed by the 4400 N force. 
=K,+U, 


y 


K 1 E U, + Winer 
Take y=0 at his initial position. 
EXECUTE: K,=0, K,=4mv; 
Winer = Wc = -fi 5 


Winer = (40 N)(4.0 m) = -160 J 


Figure 7.53 
U gav =9, Ua =zkd >, where d is the distance the spring is initially compressed. 
F=kd so d= =“N <400m 
k 1100 N/m 


and U, , =+(1100 N/m)(4.00 m)? = 8800 J 


lel 


U, „a = MZV2 = (60 kg)(9.80 m/s?)(2.5 m) =1470 J, U, =0 
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Then K, +U, +W, 


other 


8800 J -160 J =}mv} +1470 J 


tmv} =7170 J and v, = ey 
60 kg 


EVALUATE: Some of the potential energy stored in the compressed spring is taken away by the work done by 
friction. The rest goes partly into gravitational potential energy and partly into kinetic energy. 
IDENTIFY: To be at equilibrium at the bottom, with the spring compressed a distance x,, the spring force must 


=K,+U, gives 


balance the component of the weight down the ramp plus the largest value of the static friction, or 

kx, =wsin@ + f. Apply Eq.(7.14) to the motion down the ramp. 

SETUP: K,=0, K,=4mv’, where v is the speed at the top of the ramp. Let U, =0, so U, = wLsin@ , where L 
is the total length traveled down the ramp. 


EXECUTE: Eq.(7.14) gives a =(wsind— f)L sim? . With the given parameters, Lix =248 J and 


kx, =1.10x10° N. Solving for k gives k = 2440 N/m. 
EVALUATE: x, =0.451m. wsin@=551N. The decrease in gravitational potential energy is only slightly larger 


than the amount of mechanical energy removed by the negative work done by friction. tm? =243 J . The energy 


stored in the spring is only slightly larger than the initial kinetic energy of the crate at the top of the ramp. 
IDENTIFY: Apply Eq.(7.7) to the system consisting of the two buckets. If we ignore the inertia of the pulley we 
ignore the kinetic energy it has. 

SETUP: K +U, +W mer =K,+U,. Points 1 and 2 in the motion are sketched in Figure 7.55. 


other 


Yay 2.00 m 42=0 
y = 
“BA = 0 ý { Yao = 200 m 
v =v, =0 B2 7 
A,l~ ~ Bl 
B 
2.00 m 2.00 n| | Ve 
= 
#l #2 
Figure 7.55 


The tension force does positive work on the 4.0 kg bucket and an equal amount of negative work on the 12.0 kg 
bucket, so the net work done by the tension is zero. 


Work is done on the system only by gravity, so Wyne =0 and U =U pav 

EXECUTE: K,=0 

K, =+mv}a + imga But since the two buckets are connected by a rope they move together and have the same 
speed: v4, =Vg 5 =V>. 

Thus K, =4(m,+m,)v; =(8.00 kg)vż. 

U, =m 2 41 =(12.0 kg)(9.80 m/s”)(2.00 m) = 235.2 J. 

U, = mM,2Yg = (4.0 kg)(9.80 m/s*)(2.00 m) = 78.4 J. 

Putting all this into K, +U, + Winer 
U,=K,+U, 

235.2 J=(8.00 kg)v? + 78.4 J 


N | BSD TBAT ogres a. 
i 8.00 kg i 


EVALUATE: The gravitational potential energy decreases and the kinetic energy increases by the same amount. 
We could apply Eq.(7.7) to one bucket, but then we would have to include in Winer the work done on the bucket by 


=K,+U, gives 


ther 


the tension T. 
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IDENTIFY: Apply K, +U, +W, 


other 


= Ķ, +U, to the motion of the rocket from the starting point to the base of the 
ramp. W. 


other 


is the work done by the thrust and by friction. 

SETUP: Let point 1 be at the starting point and let point 2 be at the base of the ramp. v, =0, v, =50.0 m/s . Let 

y = Oat the base and take +y upward. Then y, =0 and y, =dsin53°, where d is the distance along the ramp 

from the base to the starting point. Friction does negative work. 

EXECUTE: K,=0, U,=0. U,+Wy,.. =K. Wome = (2000 N)d - (500 N)d =(1500 N)d . 

mgd sin 53° + (1500 N)d =4mv; . 

de mv : (1500 kg)(50.0 m/s)’ 
2[mgsin53° +1500 N]  2[(1500 kg)(9.80 m/s”)sin53° +1500 N] 

EVALUATE: The initial height is y, = (142 m)sin53° =113 m. An object free-falling from this distance attains a 


=142m. 


speed v=.,/2gy, =47.1 m/s . The rocket attains a greater speed than this because the forward thrust is greater than 


the friction force. 

IDENTIFY: The force exerted by a spring is F, = —kx . The acceleration of the object is given by F, = ma, . Apply 
Eq.(7.14) to relate position and speed. 

SETUP: Let +x be when the spring is stretched. 

EXECUTE: (a) U =4kx’ . Let point 1 be when the spring is initially compressed a distance x}, $0 x, =—X). 


K,=0. Woe, =0. kx; =U, +K, . The speed is maximum when x=0 ,so U, =0. Then kx; =4mv; and 


other 


v, =X )vVk/m is this maximum speed. 


. k 3 s i . k 
(b) F, =-kxand F, =ma, give a, =-—x . a is maximum when |x| is Maximum, sO d=—X,. 
m m 
(c) The speed is maximum when x =0, when the spring has returned to its natural length, and the acceleration is 
maximum when x =—x,, at the initial compression of the spring. 


(d) When the spring has maximum extension, v, =0. $kx; =+kx° and x =x, .The magnitude of the maximum 
extension equals the magnitude of the maximum compression. 
(e) The machine part oscillates between x =—x, and x =+x, and never stops permanently. 


EVALUATE: In any real system there are mechanical energy losses, for example due to negative work done by 
friction, and the object eventually comes to rest. 

IDENTIFY: Conservation of energy says the decrease in potential energy equals the gain in kinetic energy. 
SETUP: Since the two animals are equidistant from the axis, they each have the same speed v. 

EXECUTE: One mass rises while the other falls, so the net loss of potential energy is 


(0.500 kg —0.200 kg)(9.80 m/s*)(0.400 m) =1.176 J. This is the sum of the kinetic energies of the animals and is 


equal to 4m,,.v°, and v= Ue 1.83 m/s. 
(0.700 kg) 


EVALUATE: The mouse gains both gravitational potential energy and kinetic energy. The rat’s gain in kinetic 
energy is less than its decrease of potential energy, and the energy difference is transferred to the mouse. 

(a) IDENTIFY and SETUP: Apply Eq.(7.7) to the motion of the potato. 

Let point 1 be where the potato is released and point 2 be at the lowest point in its motion, as shown in 

Figure 7.59a. 

K +U +, 


other 


=K,+U, 


#1 


y, =2.50 m 

y2=0 

The tension in the string is at all points in 
the motion perpendicular to the 
displacement, so W, = 0 

The only force that does work on the 
potato is gravity, so Winer =0. 


other 


Figure 7.59a 
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EXECUTE: K,=0, K,=4mv;, U,=mgy,, U,=0 

Thus U, =K,. 

mgy, =4mv; 

v, = J2gy, = (209.80 m/s”)(2.50 m) =7.00 m/s 

EVALUATE: v, is the same as if the potato fell through 2.50 m. 


(b) IDENTIFY: Apply iF =ma to the potato. The potato moves in an arc of a circle so its acceleration is a 


rad? 
where a,,,=v'/R and is directed toward the center of the circle. Solve for one of the forces, the tension T in the 
string. 


SETUP: The free-body diagram for the potato as it swings through its lowest point is given in Figure 7.59b. 


The acceleration @,,, is directed in toward 


the center of the circular path, so at this 
x point it is upward. 


mg 


Figure 7.59b 


EXECUTE: J F, =ma, 
T 4 mg = MA ad 


2 
T=m(gt+4,4) = nf « H } where the radius R for the circular motion is the length L of the string. 


It is instructive to use the algebraic expression for v, from part (a) rather than just putting in the numerical value: 


v, =4/2ey, =4/28L; so v} =2gL 
2 


Then T = nl : = n(x H 2er) =3mg; the tension at this point is three times the weight of the potato. 


T =3mg =3(0.100 kg)(9.80 m/s?) = 2.94 N 


EVALUATE: The tension is greater than the weight; the acceleration is upward so the net force must be upward. 
IDENTIFY: Eq.(7.14) says Winer =K, +U,—(K, +U,). Woy... iS the work done on the baseball by the force 
exerted by the air. 


ther ther 


SETUP: U=mgy. K=}mv , where v’ =v? +v}. 


EXECUTE: (a) The change in total energy is the work done by the air, 


1 
Wyner = (Ky + U2) (Ki, Um 507 vi)4 w). 


W na = (0.145 kg)((1/2[ (18.6 m/s)’ — (30.0 m/s)” — (40.0 m/s)’ | + (9.80 m/s’)(53.6 m)) : 
W aa = 80.05 . 


other 
(b) Similarly, W,,,, =(K,; +U,) -(K, +U,). 
Wna = (0.145 o(a 1.9 m/s)? + (28.7 m/s)? - (18.6 m/s)? |- (9.80 m/s*)(53.6 m)) : 


W ne =731.3 J. 


other 


(c) The ball is moving slower on the way down, and does not go as far (in the x-direction), and so the work done by 
the air is smaller in magnitude. 


EVALUATE: The initial kinetic energy of the baseball is $(0.145 kg)(50.0 m/s)? =181 J . For the total motion 
from the ground, up to the maximum height, and back down the total work done by the air is 111 J. The ball 


returns to the ground with 181 J—111 J =70 J of kinetic energy and a speed of 31 m/s, less than its initial speed of 
50 m/s. 
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7.61. 


7.62. 


7.63. 


IDENTIFY and SETUP: There are two situations to compare: stepping off a platform and sliding down a pole. 
Apply the work-energy theorem to each. 

(a) EXECUTE: Speed at ground if steps off platform at height h: 

K +U, + Woe, =K +U, 

mgh =4mv;, so v; =2gh 

Motion from top to bottom of pole: (take y =0 at bottom) 
K +U, +W aner =K +U, 

mgd — fd =4mv, 

Use v; =2gh and get mgd — fd = mgh 

Jd=mg(d-h) 

f=mg(d-h)/d =mg(l-h/d) 

EVALUATE: For h=d this gives f =0 as it should (friction has no effect). 

For h=0, v, =0 (no motion). The equation for f gives f =mg in this special case. When f =mg the forces on 
him cancel and he doesn’t accelerate down the pole, which agrees with v, = 0. 

(b) EXECUTE: f=mg(l-—h/d)=(75 kg)(9.80 m/s’)(1—1.0 m/2.5 m) = 441 N. 

(c) Take y =0 at bottom of pole, so y, =d and y, = y. 

K +U, +W iner =K +U, 


other 


0+mgd — f(d — y) = +mv° + mgy 

zmv’ =mg(d-y)- f(d- y) 

Using f =mg(l-h/d) gives +mv’ =mg(d - y)—mg(1-h/d)(d-y) 
tm? =mg(h/dXd-y) and v=,/2gh(1— y/d) 

EVALUATE: This gives the correct results for y =0 and for y =d. 


IDENTIFY: Apply Eq.(7.14) to each stage of the motion. 
SETUP: Let y =0 at the bottom of the slope. In part (a), W, 


is the work done by friction. In part (b), Winer 1S 


ther ther 


the work done by friction and the air resistance force. In part (c), Wine iS the work done by the force exerted by the 


ther 
snowdrift. 

EXECUTE: (a) The skier’s kinetic energy at the bottom can be found from the potential energy at the top minus 
the work done by friction, K, = mgh—W, = (60.0 kg)(9.8 N/kg)(65.0 m)—10,500 J, or 


2(27,720 J) 
60 kg 
) =27,720 J-(u,mgd + f,,d). K, =27,720 J -[(0.2)(588 N)(82 m) + (160 N)(82 m)] or 


air 


= 30.4 m/s. 


2K 
K, =38,200 J -10,500 J = 27,720 J . Then v, | 1 -| 
m 


air 


2K Ra 
K, =27,720 J— 22,763 J =4957 J . Then, v, =, = CTI eae tals 
m 60 kg 


(c) Use the Work-Energy Theorem to find the force. W=AK, F = K/d =(4957 J)/(2.5 m) =2000N. 
EVALUATE: In each case, W. 


other 


(b) K,=K,-(W, +W, 


is negative and removes mechanical energy from the system. 
IDENTIFY and SETUP: First apply iF =ma to the skier. 
Find the angle œ where the normal force becomes zero, in terms of the speed v, at this point. Then apply the 


work-energy theorem to the motion of the skier to obtain another equation that relates v) and œ. Solve these two 
equations for a. 


Let point 2 be where the skier loses contact 
with the snowball, as sketched in Figure 7.63a 
Loses contact implies n > 0. 


y,=R, y, =Reosa 


Figure 7.63a 
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7.64. 


7.65. 


First, analyze the forces on the skier when she is at point 2. The free-body diagram is given in Figure 7.63b. For 
this use coordinates that are in the tangential and radial directions. The skier moves in an arc of a circle, so her 


acceleration is a,,,=v’/R, directed in towards the center of the snowball. 


n 


Grad 


EXECUTE: X F, =ma, 


a 
\ tan 


mg cosa, 


mgcosa—n=mv;/R 
But n=0 so mgcosa=mv;/R 


vı = Rgcosa 


mg 


Figure 7.63b 


Now use conservation of energy to get another equation relating v, to a: 
K +U, + Woe, =K +U, 

The only force that does work on the skier is gravity, so Wane = 0. 

K,=0, K,=4mv; 

U, =mgy, =mgR, U, = mgy, =mgRcosa 

Then mgR =4mv; +mgRcosa 

vı =2gR(1 -cos æ) 

Combine this with the XF, =ma, equation: 

Rgcosa =2gR(l1—cosæ) 

cosg =2—2cosa 

3cosæ =2 so cosg =2/3 and a=48.2° 

EVALUATE: She speeds up and her a,,, increases as she loses gravitational potential energy. She loses contact 


when she is going so fast that the radially inward component of her weight isn’t large enough to keep her in the 
circular path. Note that œ where she loses contact does not depend on her mass or on the radius of the snowball. 
IDENTIFY: Use conservation of energy to relate the speed at the lowest point to the speed at the highest point. 
Use DF = mä to calculate the tension. 


SET UP: The rock has acceleration a,,, =v" /R , directed toward the center of the circle. 
EXECUTE: Ifthe speed of the rock at the top is v, , then conservation of energy gives the speed v, at the bottom 
from 4+mv, =4mv; + mg(2R) , R being the radius of the circle, and so vè =v; +4gR . The tension at the top and 


2 2 
v and T, mg ==, s0 T, T, 7% v?) + 2mg = 6mg =6w. 


bottom are found from T, + mg = = 


t 


EVALUATE: The tensions T, and T, depend on the speed of the rock and on R, but the difference 7, —T, is 


independent of the speed of the rock and the radius of the circle. 
IDENTIFY and SET UP: 


= = 0 
Vg = 4.80 m/s o Ys =Yc 


— 


B C 
Figure 7.65 


(a) Apply conservation of energy to the motion from B to C: 

Kp +Up +W ner = Ke +Uc. The motion is described in Figure 7.65. 

EXECUTE: The only force that does work on the package during this part of the motion is friction, so 
Wyre =W, = fi(cos)s = yumg (cos180°)s = -pmgs 

sts. Ke=0 


U,=0, U.=0 
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Thus K,+W,=0 


1 2 i 
3mMVg — mgs =0 


ou (480 m/s)’ 7 
2gs 2(9.80 m/s’)(3.00 m) 


EVALUATE: The negative friction work takes away all the kinetic energy. 
(b) IDENTIFY and SETUP: Apply conservation of energy to the motion from A to B: 


K, +U, +W oiner = K; +U; 
=W, 


392 


Hk 


EXECUTE: Work is done by gravity and by friction, so 
K,=0, K, =4mv;, =4(0.200 kg)(4.80 m/s)’ = 2.304 J 
U, =mgy, =mgR = (0.200 kg)(9.80 m/s’ )(1.60 m) =3.136J, U, =0 
Thus U,+W,=K, 

W,=K, —U, =2.304 J—3.136 J =—0.83 J 


EVALUATE: W, is negative as expected; the friction force does negative work since it is directed opposite to the 


other 


displacement. 
7.66. IDENTIFY: Apply Eq.(7.14) to the initial and final positions of the truck. 

SETUP: Let y=Oat the lowest point of the path of the truck. Wine is the work done by friction. 

Sf, = Hn = umg cos B. 

EXECUTE: Denote the distance the truck moves up the ramp by x. K,=;mv,, U,=mgLsina, K,=0, 

U, =mgxsin p and W, 


ther 


=-—u,mgxcos p . From W ne =(K, +U,) —(K, +U,), and solving for x, 


ther 
K,+mgLsina _ (v,/2g)+Lsina 
mg(sinf+yu,cosf) sin J + u, cos p 
EVALUATE: x increases when v, increases and decreases when 4, increases. 


7.67. F. =-ax-ßx, a=60.0 N/m and 2 =18.0 N/m’ 
(a) IDENTIFY: Use Eq.(6.7) to calculate W and then use W =—AU to identify the potential energy function U (x). 


SETUP: W, =U, -U, =|" F(x) dx 
Let x,=0 and U, =0. Let x, be some arbitrary point x, so U, =U (x). 
EXECUTE: U(x)= -| Eœ dx= -| Cax - bx?) dx = f (ax + Bx’) dx =tax? +B. 


EVALUATE: If #=0, the spring does obey Hooke’s law, with k =a, and our result reduces to $hx°. 


(b) IDENTIFY: Apply Eq.(7.15) to the motion of the object. 
SETUP: The system at points 1 and 2 is sketched in Figure 7.67. 
;x =0 


J v=0 
#1 LIV 
= K +U, +W ner =K, +U, 


other 
The only force that does work on the 
object is the spring force, so =0. 


other 


| x2 = 0.50 m 
Figure 7.67 
EXECUTE: K,=0, K,=4mv; 
U, =U(x) =4ax? +1 Bx? =4(60.0 N/m)(1.00 m)? + 4(18.0 N/m?)(1.00 m}? =36.0 J 
U, =U(x,) = tax? +4 Bx) = 1(60.0 N/m)(0.500 m)? +4(18.0 N/m?)(0.500 m}? =8.25 J 
Thus 36.0 J=4mv; +8.25 J 


y= [2G6.05-825) 1. 
z 0.900 kg i 


EVALUATE: The elastic potential energy stored in the spring decreases and the kinetic energy of the object increases. 
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7.68. 


7.69. 


7.70. 


7.71. 


7.72. 


IDENTIFY: Apply Eq.(7.14). Wna is the work done by F. 


ther 


SETUP: W 


other 
EXECUTE: The force increases both the gravitational potential energy of the block and the potential energy of the 
spring. If the block is moved slowly, the kinetic energy can be taken as constant, so the work done by the force is 


= AK +AU . The distance the spring stretches is a0 . y, — y, =asinð . 


the increase in potential energy, AU =mgasin0+4k(a0)’ . 

EVALUATE: The force is kept tangent to the surface so the block will stay in contact with the surface. 
IDENTIFY: Apply Eq.(7.14) to the motion of the block. 

SETUP: Let y=Oat the floor. Let point 1 be the initial position of the block against the compressed spring and 
let point 2 be just before the block strikes the floor. 

EXECUTE: With U,=0, K,=0, K,=U,. 4mv; =4kx° +mgh. Solving for v,, 


2 2 
v= | Ig ig, 2 | COOO NOOB) £50.80 mis A2 i = TOL we 
m (0.150 kg) 


EVALUATE: The potential energy stored in the spring and the initial gravitational potential energy all go into the 
final kinetic energy of the block. 

IDENTIFY: Apply Eq.(7.14). U is the total elastic potential energy of the two springs. 

SETUP: Call the two points in the motion where Eq.(7.14) is applied A and B to avoid confusion with springs 1 
and 2, that have force constants k, and k,. At any point in the motion the distance one spring is stretched equals 


the distance the other spring is compressed. Let +x be to the right. Let point A be the initial position of the block, 
where it is released from rest, so x,, =+0.150 mand x,, =—0.150 m. 


EXECUTE: (a) With no friction, W, 


other 


=0. K,=Oand U,=K,+U, .The maximum speed is when U, =0 and 


this is at x,, =x,, =0, when both springs are at their natural length. $4,x;,+4h,x;, = +m}. 
E OSA) 80 ie | OU ES ON sia A 
m 3.00 kg 


(b) At maximum compression of spring 1, spring 2 has its maximum extension and v, =0. Therefore, at this point 


U, =U, . The distance spring | is compressed equals the distance spring 2 is stretched, and vice versa: 
X,4=-X,,and x,,=—x,,.Then U, =U, gives 4(k, +k,)x;, =4(k, +ky)xj, and xig =—-x,, =—0.150 m. The 
maximum compression of spring | is 15.0 cm. 

EVALUATE: When friction is not present mechanical energy is conserved and is continually transformed between 


kinetic energy of the block and potential energy in the springs. If friction is present, its work removes mechanical 
energy from the system. 


IDENTIFY: Apply conservation of energy to relate x and h. Apply SF = mä to relate a and x. 


SETUP: The first condition, that the maximum height above the release point is A, is expressed as +kx° = mgh . 


The magnitude of the acceleration is largest when the spring is compressed to a distance x; at this point the net 
upward force is kx -mg = ma , so the second condition is expressed as x =(m/k)(g +a). 


EXECUTE: (a) Substituting the second expression into the first gives 


2 2 
y 4 (+a) =mgh, or pai 
2\k 2gh 


2gh 


(b) Substituting this into the expression for x gives x = : 
gta 


EVALUATE: When a —> 0, our results become k = ova and x =2h. The initial spring force is kx = mg and the 


net upward force approaches zero. But +kx° = mgh and sufficient potential energy is stored in the spring to move 
the mass to height h. 

IDENTIFY: At equilibrium the upward spring force equals the weight mg of the object. Apply conservation of 
energy to the motion of the fish. 

SET uP: The distance that the mass descends equals the distance the spring is stretched. K, = K, =0, so 


U (gravitational) = U, (spring) 
EXECUTE: Following the hint, the force constant k is found from mg =kd , or k =mg/d . When the fish falls 
from rest, its gravitational potential energy decreases by mgy; this becomes the potential energy of the spring, 


mg/d)y’ . Equating these, Img ? =mgy, r y=2d. 
8&/a)y q 8 2d y EY Yy 


aA X il 2: 4 
which is 4 =5 
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7.73. 


7.74. 


EVALUATE: At its lowest point the fish is not in equilibrium. The upward spring force at this point is ky = 2kd , 


and this is equal to twice the weight. At this point the net force is mg, upward, and the fish has an upward 
acceleration equal to g. 

IDENTIFY: Apply Eq.(7.15) to the motion of the block. 

SETUP: The motion from A to B is described in Figure 7.73. 


y vg = 7.00 m/s 
ee 


6.00 m 


k 

9 = 300°) 
Figure 7.73 

The normal force is n=mgcos@, so f, = 4n = mg cos. 

y,=0; yz =(60.0 m)sin30.0° = 3.00 m 

K +U, +W aner =K, tUg 

EXECUTE: Work is done by gravity, by the spring force, and by friction, so W, 


other =W, and U=U,+U. 
K,=0, K, =4mv;, =+(1.50 kg)(7.00 m/s)’ = 36.75 J 


grav 


B`? 
U, = Uaa gä Uiga = Uaa since U ana = 0 
Ug =U, +U pav = 0 +mMgy; = (1.50 kg)(9.80 m/s*)(3.00 m) =44.1 J 
Winer =W, = (J cos Ø)s = umg cos O(cos180°)s = -umg cos Os 


W in =—(0.50)(1.50 kg)(9.80 m/s°)(cos30.0°)(6.00 m) = -38.19 J 
Thus U, ,—38.19 J =36.75 J +44.10 J 
Us, , =38.19 J +36.75 J +44.10 J=119 J 


EVALUATE: U,, must always be positive. Part of the energy initially stored in the spring was taken away by 
friction work; the rest went partly into kinetic energy and partly into an increase in gravitational potential energy. 
IDENTIFY: Apply Eq.(7.14) to the motion of the package. Wyner =W; , the work done by the kinetic friction 


ther 
force. 

SETUP: f, =n =14,mgcos0, with 0 =53.1°.Let L=4.00 m, the distance the package moves before 
reaching the spring and let d be the maximum compression of the spring. Let point 1 be the initial position of the 
package, point 2 be just as it contacts the spring, point 3 be at the maximum compression of the spring, and point 4 
be the final position of the package after it rebounds. 

EXECUTE: (a) K,=0, U,=0, W, 


other 


=-f,L=-y,Lcos@ . U,=mgLsin@. K,=4mv’ , where v is the speed 
before the block hits the spring. Eq.(7.14) applied to points 1 and 2, with y, =0, gives U, +W, 


other 


= K, . Solving 
for v, 

v= J2gL(sin 6 = 14, cos@) = (29.80 m/s*)(4.00 m)(sin 53.1° — (0.20) cos 53.1°) = 7.30 m/s. 

(b) Apply Eq.(7.14) to points 1 and 3. Let y, =0. K,=K,=0. U,=mg(L+d)sin@. U,=4kd’. 

W ner =f, (L +d) . Eq.(7.14) gives mg(L+d)sin@— u,mgcosO(L +d) = thd? . This can be written as 


other 
3 k 
2mg (sin 0 — u, cos 0) 


d—L=0. The factor multiplying d? is 4.504 m™, and use of the quadratic formula 


gives d=1.06m. 
(c) The easy thing to do here is to recognize that the presence of the spring determines d, but at the end of the 
motion the spring has no potential energy, and the distance below the starting point is determined solely by how 
much energy has been lost to friction. If the block ends up a distance y below the starting point, then the block has 
moved a distance L+d down the incline and L+d-—-vy up the incline. The magnitude of the friction force is the 
same in both directions, 44,mgcos@ , and so the work done by friction is —sz,(2L + 2d — y)mgcos@ . This must be 
equal to the change in gravitational potential energy, which is —mgysin@ . Equating these and solving for y gives 
244, cos0 


=(L+d) 7 . Using the value of d found in part (b) and the given values for su, 


=(L+d = 
yak Ye tent tanO+ L 


and @ gives y=1.32m. 
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7.75. 


7.76. 


EVALUATE: Our expression for y gives the reasonable results that y = 0 when wu, =0; in the absence of friction 
the package returns to its starting point. 
(a) IDENTIFY and SETUP: Apply K,+U,+W. 


other 


=K,+U, to the motion from A to B. 
EXECUTE: K,=0, K,=4mv; 

U,=0, Uy ay =the, where x, =0.25 m 

Woner = Wr = Fxg 

Thus Fx, =}mv} ++kx3. (The work done by F goes partly to the potential energy of the stretched spring and 
partly to the kinetic energy of the block.) 

Fx, =(20.0 N)(0.25 m) =5.0 J and +kx;, =4+(40.0 N/m)(0.25 m}? =1.25 J 


Thus 5.0 J=4mv;, +1.25 J and v; = ORI =3.87 m/s 
0.500 kg 


(b) IDENTIFY: Apply Eq.(7.15) to the motion of the block. Let point C be where the block is closest to the wall. 
When the block is at point C the spring is compressed an amount Ixe , so the block is 0.60 m— lx] from the wall, 


and the distance between B and Cis x, + [xel 
SETUP: The motion from 4 to B to C is described in Figure 7.75. 


1 Kg t+U 5 +Wone = Ke +Uc 
j 
= EXECUTE: Winer =0 
VV K, =4mv? =5.0 J-1.25 J=3.75 J 
A *B B (from part (a)) 
Ui, =1.25J 
HG : Ko =0 (instantaneously at rest at 
ee point closest to wall) 
lX,| 2 
s Ue =ż4k|xe] 
Figure 7.75 


Thus 3.75 J+1.25 J=4k|x,[ 


PAN CAE = 0.50 m 
40.0 N/m 


The distance of the block from the wall is 0.60 m—0.50 m=0.10 m. 
EVALUATE: The work (20.0 N)(0.25 m) =5.0 J done by F puts 5.0 J of mechanical energy into the system. No 


mechanical energy is taken away by friction, so the total energy at points B and C is 5.0 J. 
IDENTIFY: Apply Eq.(7.14) to the motion of the student. 
SETUP: Let x, =0.18m, x, =0.71m. The spring constants (assumed identical) are then known in terms of the 


unknown weight w, 4kx, =w. Let y =0 at the initial position of the student. 


EXECUTE: (a) The speed of the brother at a given height h above the point of maximum compression is then 
2 

found from Tag = fej +mgh, or v? = Gg x? —2gh = {2 2H . Therefore, 

g w 


Xo 


v= J0.80 m/s’)((0.71 m)’/(0.18 m)—2(0.90 m)) =3.13 m/s, or 3.1 m/s to two figures. 


2 2 
(b) Setting v=0 and solving for h, h = east = ce =1.40 m, or 1.4 m to two figures. 
mg Xo 


(c) No; the distance x, will be different, and the ratio 


x, x, 


x? (x,+0.53 m)? 0.53 m 
= =x] 14 : 


2 
) will be different. 


0 1 1 


Note that on a planet with lower g, x, will be smaller and h will be larger. 


EVALUATE: Weare able to solve the problem without knowing either the mass of the student or the force 
constant of the spring. 
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7.77. IDENTIFY: a, =d’x/dt’, a,=d’y/dt’. F,=ma,, F,=ma,.U =| Fd [E dy. 


d ; d 3% ee ; 1 
SETUP: — (cos œt) =—@) sin @t . — (sin @t) = @ COS Ap . [cos Ot dt =—sin apf , [sin Qt dt = -— cos Øf . 
dt dt O QD 


v, =dx/dt, v,=dy/dt. E=K+U. 


EXECUTE: (a) a, =d°x/dt’ =-a@)x, F,=ma,=-ma,x. a, =d yid? =-ay, F,=ma, =-mayy 


1 
(b) U= [fra [ra =ma, | fxax + fa] = Frw +y’) 
(c) v, = dx/dt = -x0 Sin Ot = -X90 (V/V). v, =dyldt = +y,0, COS Wot = +p (x/Xy). 


(i) When x =x, and y =0, v, =0 and v, = ya, 
K = m +v?) = mya, U = Seams, and E=K+U = Sox +y) 


(ii) When x=0 and y= y, v, =—x)@ and v, =0, 


K = amg, U= mayi and E=K+U = Ses x +y) 


EVALUATE: The total energy is the same at the two points in part (c); the total energy of the system is constant. 
7.78. IDENTIFY: Calculate the increase in kinetic energy for the car. 

SETUP: The car gets (0.15)(1.3x10° J) of energy from one gallon of gasoline. 

EXECUTE: (a) The mechanical energy increase of the car is K, — K, =+(1500 kg)(37 m/s)” =1.027x10° J. Let 

a be the number of gallons of gasoline consumed. @(1.3x10° J)(0.15) =1.027x10° J and æ =0.053gallons . 

(b) (1.00 gallons) /a =19 accelerations 


EVALUATE: The time over which the increase in velocity occurs doesn't enter into the calculation. 
7.79, IDENTIFY: U=mgh. Use h=150 m for all the water that passes through the dam. 


SETUP: m=pV and V = AAA is the volume of water in a height Ah of water in the lake. 
EXECUTE: (a) Stored energy = mgh = (pV )gh = p A m)gh . 

stored energy = (1000 kg/m*)(3.0 x 10° m°)(1 m)(9.8 m/s”)(150 m) = 4.4x10° J. 

(b) 90% of the stored energy is converted to electrical energy, so (0.90)(mgh) =1000 kWh . 
(1000 kWh)((3600 s)/(1 h)) 


(0.90) pVgh =1000 kWh. V = > —=2.7x10 m. 
(0.90)(1000 kg/m”)(150 m)(9.8 m/s“) 
3 3 
Change in level of the lake: AAh=V,,,,.,. Ah = Boe adi = =9.0x107 m. 
A 3.0x10° m 


EVALUATE: Ah is much less than 150 m, so using h =150 m for all the water that passed through the dam was a 
very good approximation. 

7.80. IDENTIFY and SETUP: The potential energy of a horizontal layer of thickness dy, area A, and height y is 
dU =(dm)gy. Let p be the density of water. 


EXECUTE: dm=pdV = pA dy, so dU = pAgy dy. 
The total potential energy U is 

= h _ h ıı 2 
U=ĵ dU = pAgĵ y dy =; pAgh’. 


A=3.0x10° m? and h=150 m, so U =3.3x10" J=9.2x10’ kWh 
EVALUATE: The volume is 4h and the mass of water is pV = pAh. The average depth is h,, =h/2, so 


U = mgh,- 
7.81. IDENTIFY: Apply F = ad f= gv and F, = a 5 
É Ox oy 4 
SETUP: r=(x +y +2). au) = zm UH) 3 y and ou) = a 


ox (x? +7)?” a ôy CESO oz yy” j 
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EXECUTE: (a) U(r)= Gmm; .F = Z = Omm, 22] = E e . Similarly, 

r x x x +y +z 
Gm m,y Gm,m,z 
F= (x? + 3 a and F, = 2 3 ENT 
y +z’) (x +y" +z’) 
(b) (x2 + y? +” 29h e5 F = Omri , F, Gery dF, om? 
r r r 
F= F? +F? +F? = cn V+y4+2 = on . 


(c) F., F, and F are negative. F, =ax,F,=ay and F,=az, where a isa constant, so F and the vector F from 


m,to m, are in the same direction. Therefore, F is directed toward m, at the origin and F is attractive. 
EVALUATE: When m, moves to larger r, the work done on it by the attractive gravity force is negative. Since 
W =—AU , negative work done by gravity means the gravitational potential energy increases. 


Gmm ; : F : 
U(r) =-— does increase (becomes less negative) as r increases. For an object near the surface of the earth, 
Gmm, . ; ; 
U(r) =-——— will be shown in Chapter 12 to be equivalent to U pay =mgy . 
r 


7.82. IDENTIFY: Calculate the work W done by this force. If the force is conservative, the work is path independent. 
SET UP: w=j Fd. 
EXECUTE: (a) W = P F,dy = cfi y°dy . W doesn't depend on x, so it is the same for all paths between P and 
P, . The force is conservative. 
(b) W = j F dx= ej y°dx . W will be different for paths between points P and P, for which y has different 


values. For example, if y has the constant value y, along the path, then W = Cy, (x, —x,) . W depends on the value 


of y,. The force is not conservative. 


3 
EVALUATE: F =Cy’j has the potential energy function U (y) =— S 


. We cannot find a potential energy 


function for F = Ci ; 
7.83. F=-axy’j, a=2.50 N/m’ 


IDENTIFY: F is not constant so use Eq.(6.14) to calculate W. F must be evaluated along the path. 
(a) SETUP: The path is sketched in Figure 7.83a. 


y 


dl = dxi + dyj 
F -dl =-axy’ dy 
On the path, x=y so F -dI =-ay’ dy 


3m 


Figure 7.83a 


EXECUTE: w=f F-dī =f *¢ ay’) dy= aay ”) =a D0- yi) 


y, =0, y, =3.00 m, so W =-—4(2.50 N/m*)(3.00 m)* = -50.6 J 
(b) SETUP: The path is sketched in Figure 7.83b. 


3m 


Figure 7.83b 


For the displacement from point 1 to point 2, dl = dxi, so F -dl =0 and W =0. (The force is perpendicular to 
the displacement at each point along the path, so W =0.) 
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7.84. 


7.85. 


For the displacement from point 2 to point 3, dl = dyj, so F -dl =-axy’ dy. On this path, x =3.00 m, so 
F -dl = -(2.50 N/m*)(3.00 m)? dy =-(7.50 N/m’) y? dy. 
EXECUTE: W = fF -dl =- (7.50 N/m’) f © y? dy = -07.50 Nim*)4(y3 - y3) 
v2 


W =-(7.50 N/m’)(+4)(3.00 m} =-67.5 J 
(c) EVALUATE: For these two paths between the same starting and ending points the work is different, so the 
force is nonconservative. 


IDENTIFY: Use W = j F -dl to calculate W for each segment of the path. 


SETUP: F-dl =F dx = axy dx 

EXECUTE: (a) The path is sketched in Figure 7.84. 

(b) (1): x =0 along this leg, so F =0 and W =0. (2): Along this leg, y =1.50 m, so F -di = (3.00 N/m)xdx , 
and W =(1.50 N/m)((1.50 m)? —0) =3.38 J (3) F -dl =0,s0 W =0 (4) y=0,s0 F =0 and W =0. The work 
done in moving around the closed path is 3.38 J. 


(c) The work done in moving around a closed path is not zero, and the force is not conservative. 


EVALUATE: There is no potential energy function for this force. 
? 


4 
Figure 7.84 
IDENTIFY: Use Eq.(7.16) to relate F and U(x) . The equilibrium is stable where U(x) is a local minimum and 
the equilibrium is unstable where U(x) is a local maximum. 
SETUP: The maximum and minimum values of x are those for which U(x)=E. K =E -—U , so the maximum 


speed is where U is a minimum. 

EXECUTE: (a) For the given proposed potential U(x), = = —kx + F , so this is a possible potential function. 
For this potential, U(0) =—F? / 2k , not zero. Setting the zero of potential is equivalent to adding a constant to the 
potential; any additive constant will not change the derivative, and will correspond to the same force. 

(b) At equilibrium, the force is zero; solving —kx +F =0 for x gives x, = F/k . U(x,)=—F7/k , and this is a 
minimum of U, and hence a stable point. 

(c) The graph is given in Figure 7.85. 

(d) No; F,,, =0 at only one point, and this is a stable point. 

(e) The extreme values of x correspond to zero velocity, hence zero kinetic energy, so U(x,)=E , where x, are 
the extreme points of the motion. Rather than solve a quadratic, note that $A(x — Fiky —F7/k ,so U(x,)=E 


1 FY F? 
becomes —k| x, F-/k=—. x, F pE so x, zA X_ Zoe 
2 “Ok k — k k k k 


(£) The maximum kinetic energy occurs when U(x) is a minimum, the point x, = F/k found in part (b). At this 


point K = E -U =(F°/k)-(-F’/k) = 2F°Ik , so v=2F/Jmk . 
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7.86. 


7.87. 


EVALUATE: As E£ increases, the magnitudes of x, and x_ increase. The particle cannot reach values of x for 
which E <U(x) because K cannot be negative. 


—4 -2 0 2 4 
Figure 7.85 


IDENTIFY: Use Eq.(7.16) to relate F and U(x) . The equilibrium is stable where U(x) is a local minimum and 
the equilibrium is unstable where U(x) is a local maximum. 

SETUP: dU/dx is the slope of the graph of U versus x. K = E —U , so K is a maximum when U is a minimum. 
The maximum x is where E =U. 

EXECUTE: (a) The slope of the U vs. x curve is negative at point A, so F, is positive (Eq. (7.16)). 

(b) The slope of the curve at point B is positive, so the force is negative. 

(c) The kinetic energy is a maximum when the potential energy is a minimum, and that figures to be at around 0.75 m. 
(d) The curve at point C looks pretty close to flat, so the force is zero. 

(e) The object had zero kinetic energy at point A, and in order to reach a point with more potential energy than 
U(A), the kinetic energy would need to be negative. Kinetic energy is never negative, so the object can never be at 
any point where the potential energy is larger than U(A). On the graph, that looks to be at about 2.2 m. 

(f) The point of minimum potential (found in part (c)) is a stable point, as is the relative minimum near 1.9 m. 

(g) The only potential maximum, and hence the only point of unstable equilibrium, is at point C. 

EVALUATE: If £ is less than U at point C, the particle is trapped in one or the other of the potential "wells" and 
cannot move from one allowed region of x to the other. 

IDENTIFY: K =E-U determines v(x). 

SETUP: vis amaximum when U is a minimum and v is a minimum when U is a maximum. F, = —dU/dx . The 
extreme values of x are where E =U(x). 


EXECUTE: (a) Eliminating 2 in favor of œ and x,(B=a/x), 
es ee Bax, a a ny Xo |], 
L x kč xx k| x 


Je —1)=0. U(x) is positive for x <x, and negative for x>x, (æ and # must be taken as 


U (xo) [5 


0 


positive). The graph of U (x) is sketched in Figure 7.87a. 


[2 2 ; l SELESAI . ve 
(b) v(x) = U= { = ) ( *9 (4 . The proton moves in the positive x-direction, speeding up until it 
m mx x x 


reaches a maximum speed (see part (c)), and then slows down, although it never stops. The minus sign in the 
square root in the expression for v(x) indicates that the particle will be found only in the region where U <0, that 


is, x >x,. The graph of v(x) is sketched in Figure 7.87b. 


(c) The maximum speed corresponds to the maximum kinetic energy, and hence the minimum potential energy. 


J 2 
This minimum occurs when ZU =0 , Or ae 3 (2) H (22) =0, 
dx ax Xo x x 


which has the solution x =2x,. U(2x,) = = , SO V= = ree 
4x5 2mx, 


(d) The maximum speed occurs at a point where a =0, and from Eq. (7.15), the force at this point is zero. 


X 
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(e) x, =3x,, and U(3x,) = eae . 
0 


o- [Ee0s-00=|2|(2) 4((2) =- J2e((2) (=) 2») 


The particle is confined to the region where U(x) <U(x,). The maximum speed still occurs at x =2x,, but now 


the particle will oscillate between x, and some minimum value (see part (f)). 
(£) Note that U(x)—U(x,) can be written as 


GESIF ONSA] 


which is zero (and hence the kinetic energy is zero) at x =3x, =x, and x =Żx,. Thus, when the particle is 


released from x,, it goes on to infinity, and doesn’t reach any maximum distance. When released from x,, it 
oscillates between +x, and 3x,. 

EVALUATE: In each case the proton is released from rest and E =U(x,), where x, is the point where it is 
released. When x, = x, the total energy is zero. When x, =x, the total energy is negative. U(x) >0 as x >”, so 


for this case the proton can't reach x — œ and the maximum x it can have is limited. 
U y 


(b) 


Figure 7.87 
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8.1. 


8.2. 


8.3. 


8.4. 


IDENTIFY and SETUP: p=mv. K =imv’. 
EXECUTE: (a) p= (10,000 kg)(12.0 m/s) =1.20x10° kg-m/s 


p _1.20x10° kg-m/s 
m 2000 kg 


(b) (i) v= 


is 2 2 
= 60.0 m/s . (ii) 4mrvī =F MeyyVeuy » SO 


| Ege | OOO 15.6 aie) S26 as 
aa 2000 kg 


EVALUATE: The SUV must have less speed to have the same kinetic energy as the truck than to have the same 
momentum as the truck. 


IDENTIFY: Example 8.1 shows that the two iceboats have the same kinetic energy at the finish line. K = tm? : 
p=m. 
SET Up: Let A be the iceboat with mass m and let B be the iceboat with mass 2m, so m, =2m,. 


; m 
EXECUTE: K,=K, gives +mv,=4mv;. v4 = Fa v, =V2v;, 
A 


Pa =MyWy. Pg = Mav, = (2m,)(v, 142) = V2m,v, = V2p, . 


EVALUATE: The more massive boat must have less speed but greater momentum than the other boat in order to 
have the same kinetic energy. 


IDENTIFY and SETUP: p=mv. K=4mv’. 


2 2 
EXECUTE: (a) v= P and K=4n(2) =£, 
m m 


2 2 
(b) K, =K, and the result from part (a) gives Pe _ Po | P= lt p= eee p. =1.90p, . The baseball 
2m, 2m, m, 0.040 kg 


has the greater magnitude of momentum. p,/ p, =0.526 . 


(c) p’ =2mK so p,, =p, gives 2m,K,,=2m,K,,. w=mg ,so w,K,, =w,K,- 


K, -|2 Jk, = E YK =1.56K, . 


w, 450 N 


The woman has greater kinetic energy. K,,/K,, =0.641. 


EVALUATE: For equal kinetic energy, the more massive object has the greater momentum. For equal momenta, 
the less massive object has the greater kinetic energy. 

IDENTIFY: Each momentum component is the mass times the corresponding velocity component. 

SETUP: Let +x be along the horizontal motion of the shotput. Let +y be vertically upward. v, =vcos@, 


v, =vsind . 
EXECUTE: The horizontal component of the initial momentum is 
p, =mv, =mvcos@ = (7.30 kg)(15.0 m/s) cos 40.0° = 83.9 kg -m/s . 


The vertical component of the initial momentum is p, =mv, =mvsin 0 =(7.30 kg)(15.0 m/s)sin40.0° = 70.4 kg -m/s 


EVALUATE: The initial momentum is directed at 40.0° above the horizontal. 
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8.5. 


8.6. 


8.7. 


8.8. 


8.9. 


IDENTIFY: For each object, p= mv and K =4mv’. The total momentum is the vector sum of the momenta of 
each object. The total kinetic energy is the scalar sum of the kinetic energies of each object. 

SET Up: Let object A be the 110 kg lineman and object B the 125 kg lineman. Let +x be the object to the right, so 
Vix =+2.75 m/s and v,, =—2.60 m/s . 

EXECUTE: (a) P. =m, Vi +m,v,;, =(110 kg)(2.75 m/s) + (125 kg)(—2.60 m/s) = —22.5 kg -m/s . The net 
momentum has magnitude 22.5 kg-m/s and is directed to the left. 

(b) K =4m,v7,+4m,v;, =4(110 kg)(2.75 m/s)? +4(125 kg)(2.60 m/s)? =838 J 

EVALUATE: The kinetic energy of an object is a scalar and is never negative. It depends only on the magnitude of 
the velocity of the object, not on its direction. The momentum of an object is a vector and has both magnitude and 
direction. When two objects are in motion, their total kinetic energy is greater than the kinetic energy of either one. 
But if they are moving in opposite directions, the net momentum of the system has a smaller magnitude than the 
magnitude of the momentum of either object. 


IDENTIFY: For each object p= mv and the net momentum of the system is P= Pi + Pr. The momentum 


vectors are added by adding components. The magnitude and direction of the net momentum is calculated from its 
x and y components. 
SETUP: Let object A be the pickup and object B be the sedan. v,,=—14.0 m/s, v,,=0. Va =0, Vg, =+23.0 m/s. 


EXECUTE: (a) P, = py, + Pp = M4 4, +MgVpy = (2500 kg)(-14.0 m/s) +0 = -3.50 x104 kg -m/s 
P, = Dy, + Poy = M44, +MgVp, = (1500 kg)(+23.0 m/s) = +3.45 x10" kg -m/s 


P| 3.50x10* kg-m/s 


|p| 3.45x10* kg-m/s 


and 0 =45.4° . The net 


(b) P=,/P? +P? =4.91x10* kg-m/s . From Figure 8.6, tand = 


momentum has magnitude 4.91x10* kg-m/s and is directed at 45.4° west of north. 

EVALUATE: The momenta of the two objects must be added as vectors. The momentum of one object is west and 
the other is north. The momenta of the two objects are nearly equal in magnitude, so the net momentum is directed 
approximately midway between west and north. 


Figure 8.6 


IDENTIFY: The average force on an object and the object’s change in momentum are related by Eq. 8.9. The 

weight of the ball is w=mg. 

SET Up: Let +x be in the direction of the final velocity of the ball, so v, =0 and v,, =25.0 m/s. 

my,,—mv,, _ (0.0450 kg)(25.0 m/s) 
ty at, 2.00x10" s 

w = (0.0450 kg)(9.80 m/s”) = 0.441 N . The force exerted by the club is much greater than the weight of the ball, 


so the effect of the weight of the ball during the time of contact is not significant. 

EVALUATE: Forces exerted during collisions typically are very large but act for a short time. 

IDENTIFY: The change in momentum, the impulse and the average force are related by Eq. 8.9. 

SET Up: Let the direction in which the batted ball is traveling be the +x direction, so v,, =—45.0 m/s and 


v, =55.0 m/s. 
EXECUTE: (a) Ap, = p,,— Pi, =m(v,, —V,,) = (0.145 kg)(55.0 m/s —[-45.0 m/s]) = 14.5 kg-m/s. J, = Ap, , so 
J, =14.5 kg-m/s . Both the change in momentum and the impulse have magnitude 14.5 kg- m/s. 


J, 14.5 kg- m/s 
b F. = as 
0) Fe = AF 200x107 § 

EVALUATE: The force is in the direction of the momentum change. 

IDENTIFY: Use Eq. 8.9. We know the intial momentum and the impluse so can solve for the final momentum and 


then the final velocity. 


EXECUTE: (F) (6 -4)=m,, —mv,, gives (Fp) = =562N. 


=7250N. 
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8.10. 


8.11. 


8.12. 


8.13. 


SET Up: Take the x-axis to be toward the right, so v, =+3.00 m/s. Use Eq. 8.5 to calculate the impulse, since 
the force is constant. 
EXECUTE: (a) J, = Pas- Pix 


J, =F. (t, —t,) = (425.0 N)(0.050 s) = +1.25 kg -m/s 
Thus p,, =J, + pi, =+1.25 kg-m/s + (0.160 kg)(+3.00 m/s) = +1.73 kg: m/s 


j _ Pa _ 1.73 kg: m/s 
™ m 0.160 kg 


(b) J, = F(t, — t) =(—12.0 N)(0.050 s) = —0.600 kg- m/s (negative since force is to left) 
Po, =J, + pi, =—0.600 kg - m/s + (0.160 kg)(+3.00 m/s) = —0.120 kg - m/s 


=+10.8 kg- m/s (to the right) 


y = Pax _ —0.120 kg-m/s © 
= m 0.160 kg 


EVALUATE: In part (a) the impulse and initial momentum are in the same direction and v, increases. In part (b) the 


0.75 m/s (to the left) 


impulse and initial momentum are in opposite directions and the velocity decreases. 
IDENTIFY: The impulse, change in momentum and change in velocity are related by Eq. 8.9. 
SETUP: F, =26,700 N and F,=0 . The force is constant, so (F), =F,- 


EXECUTE: (a) J, = F,At = (26,700 N)(3.90 s) =1.04x10° N's. 
(b) Ap, =J, =1.04x10° kg: m/s. 


Ap, _1.04x10° kg -m/s 
m 95,000 kg 
(d) The initial velocity of the shuttle isn’t known. The change in kinetic energy is AK = K, - K, = Lmv; vř). It 


(c) Ap, =mAv,. Av, = =1.09 m/s. 


depends on the initial and final speeds and isn’t determined solely by the change in speed. 
EVALUATE: The force in the +y direction produces an increase of the velocity in the +y direction. 


IDENTIFY: The force is not constant so J = f F dt . The impulse is related to the change in velocity by Eq. 8.9. 


t = 
SET UP: Only the x component of the force is nonzero, so J, = [Rae is the only nonzero component of J. 
1 


J =m(v,, VY). 4 =2.00s, £ =3.50s. 


EXECUTE: (a) A= ee = aan = 500 N/s’. 
P (125s) 


(b) J, = f Arat =1 A(t} t) =1(500 N/s*)([3.50 sf —[2.00 sF) =5.81x10° N-s. 


3 
(c) AV, =V, poa _ 581x10 N s 
=O= B m 2150kg 


=2.70 m/s . The x component of the velocity of the rocket increases by 


2.70 m/s. 

EVALUATE: The change in velocity is in the same direction as the impulse, which in turn is in the direction of the net 
force. In this problem the net force equals the force applied by the engine, since that is the only force on the rocket. 
IDENTIFY: Apply Eq. 8.9 to relate the change in momentum of the momentum to the components of the average 
force on it. 

SETUP: Let +x be to the right and +y be upward. 

EXECUTE: (a) J, =Ap, = mv,, -mv = (0.145 kg)(-[65.0 m/s]cos30° — 50.0 m/s) = -15.4 kg-m/s. 


J, =Ap, =mv,, —mv,, = (0.145 kg)([65.0 m/s]sin30° —0) = 4.71 kg- m/s 
The horizontal component is 15.4 kg -m/s , to the left and the vertical component is 4.71 kg-m/s , upward. 


=15: : J, 471kg- 
(i) Ra Ae g800 NES Si AU EENS 25596 N. 
© At 1.75x10™ s © At 1.75x10~ s 
The horizontal component is 8800 N, to the left, and the vertical component is 2690 N, upward. 
EVALUATE: The ball gains momentum to the left and upward and the force components are in these directions. 


IDENTIFY: The force is constant during the 1.0 ms interval that it acts, so J=F^t. J= P, — pP =m, —y,). 


SETUP: Let +x be to the right, so v,, = +5.00 m/s. Only the x component of J is nonzero, and 


J, =M(Vy, Vis). 
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8.14. 


8.15. 


8.16. 


8.17. 


8.18. 


EXECUTE: (a) The magnitude of the impulse is J = FAt = (2.50x10° N)(1.00x10~ s) =2.50 N-s. The direction 
of the impulse is the direction of the force. 


(b) (i) v,, -i v- J, =+2.50 N-S. v, -ZNS s00 m/s = 6.25 m/s . The stone’s velocity has magnitude 
m 8 
ore . -2.50 N-s 
6.25 m/s and is directed to the right. (ii) Now J, =—2.50 N-s and v,, = Fools A m/s =3.75 m/s. The 
UU kg 


stone’s velocity has magnitude 3.75 m/s and is directed to the right. 

EVALUATE: When the force and initial velocity are in the same direction the speed increases and when they are 
in opposite directions the speed decreases. 

IDENTIFY: Apply conservation of momentum to the system of the astronaut and tool. 

SET Up: Let A be the astronaut and B be the tool. Let +x be the direction in which she throws the tool, so 

Vga, = +3.20 m/s . Assume she is initially at rest, so v4, =V,,, =0. Solve for v,,.. 


EXECUTE: P,=P,. PB. =M Vaxt Mpy =0. By = MyVyy, + MgV_>, =9 and 


Ix 


2.25 kg)(3.2 . 5 

ox = Wins = AOE Oe EE 0.105 m/s . Her speed is 0.105 m/s and she moves opposite to the 

Mm, 68.5 kg 
direction in which she throws the tool. 
EVALUATE: Her mass is much larger than that of the tool so to have the same magnitude of momentum as the 
tool her speed is much less. 
IDENTIFY: Since drag effects are neglected there is no net external force on the system of squid plus expelled 
water and the total momentum of the system is conserved. Since the squid is initially at rest, with the water in its 


v 


cavity, the initial momentum of the system is zero. For each object, K =+mv° . 

SET Up: Let A be the squid and B be the water it expels, so m, = 6.50 kg —1.75 kg = 4.75 kg . Let +x be the 

direction in which the water is expelled. v,,, =—2.50 m/s . Solve for vpz,- 

so O=MWVy, Mm Vary = E A BS me) +6.79 m/s . 
Mp, 1.75 kg 

(b) K, =K y+ Ky, =4m vi +5MgVpn =5(4.75 kg)(2.50 m/s)’ +F(1.75 kg)(6.79 m/s)? =55.2 J The initial kinetic 


energy is zero, so the kinetic energy produced is K, =55.2 J. 


EXECUTE: (a) A, =0. BR, =P 


1x? 


EVALUATE: The two objects end up with momenta that are equal in magnitude and opposite in direction, so the 
total momentum of the system remains zero. The kinetic energy is created by the work done by the squid as it 
expels the water. 

IDENTIFY: Apply conservation of momentum to the system of you and the ball. In part (a) both objects have the 
same final velocity. 


SETUP: Let +x be in the direction the ball is traveling initially. m, = 0.400 kg (ball). m, =70.0 kg (you). 
EXECUTE: (a) P, =P, gives (0.400 kg)(10.0 m/s) = (0.400 kg + 70.0 kg)v, and v, =0.0568 m/s. 
(b) P. =P, gives (0.400 kg)(10.0 m/s) = (0.400 kg)( — 8.00 m/s) + (70.0 kg)v,, and v,, =0.103 m/s. 


EVALUATE: When the ball bounces off it has a greater change in momentum and you acquire a greater final speed. 
IDENTIFY: Apply conservation of momentum to the system of the two pucks. 

SET Up: Let +x be to the right. 

EXECUTE: (a) P, =P, says (0.250)v,, = (0.250 kg)(—0.120 m/s) + (0.350 kg)(0.650 m/s) and v, =0.790 m/s . 


(b) K, =4(0.250 kg)(0.790 m/s)’ = 0.0780 J. 


K, =4(0.250 kg)(0.120 m/s)? ++(0.350 kg)(0.650 m/s)? = 0.0757 J and AK = K, - K, =-0.0023 J. 


EVALUATE: The total momentum of the system is conserved but the total kinetic energy decreases. 
IDENTIFY: Since road friction is neglected, there is no net external force on the system of the two cars and the 


total momentum of the system is conserved. For each object, K = mv : 
SET Up: Let A be the 1750 kg car and B be the 1450 kg car. Let +x be to the right, so v}, =+1.50 m/s , 
Vix =—1.10 m/s, and v,,, =+0.250 m/s. Solve for vpz,- 


MV gix + MgV yyy MAV 
. — — a AS Aly B Bix A A2x 
EXECUTE: (a) P, =P. MyVyy + MgYpi = MV yoy + Mg pry - Very = F 


Ms 


_ (1750 kg)(1.50 m/s) + (1450 kg)(-1.10 m/s) — (1750 kg)(0.250 m/s) 
1450 kg 


After the collision the lighter car is moving to the right with a speed of 0.409 m/s. 


= 0.409 m/s. 


B2x 
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8.19. 


8.20. 


8.21. 


(b) K, =4m,v7, +4m,V5, =5(1750 kg)(1.50 m/s)’ +4(1450 kg)(1.10 m/s)” = 2846 J. 
K, =}4m v? + 4M,Vz = 4 (1750 kg)(0.250 m/s)? +4(1450 kg)(0.409 m/s)? =176 J. 


The change in kinetic energy is AK = K, —K, =176 J—2846 J = -2670 J . 


EVALUATE: The total momentum of the system is constant because there is no net external force during the 
collision. The kinetic energy of the system decreases because of negative work done by the forces the cars exert on 
each other during the collision. 

IDENTIFY: Since the rifle is loosely held there is no net external force on the system consisting of the rifle, bullet 
and propellant gases and the momentum of this system is conserved. Before the rifle is fired everything in the 
system is at rest and the initial momentum of the system is zero. 

SET Up: Let +x be in the direction of the bullet’s motion. The bullet has speed 601 m/s —1.85 m/s = 599 m/s 


relative to the earth. P,, = Px + Por + Pox » the momenta of the rifle, bullet and gases. v, =—1.85 m/s and 

Vj, = +599 m/s. 

EXECUTE: P, =F, =0. Py. + Py t+ Poe =9+ Poy =- Pa Po = (2.80 kg)(—1.85 m/s) — (0.00720 kg)(599 m/s) 
and p, =+5.18 kg-m/s — 4.31 kg -m/s = 0.87 kg -m/s . The propellant gases have momentum 0.87 kg-m/s, in the 


same direction as the bullet is traveling. 

EVALUATE: The magnitude of the momentum of the recoiling rifle equals the magnitude of the momentum of the 
bullet plus that of the gases as both exit the muzzle. 

IDENTIFY: In part (a) no horizontal force implies P. is constant. In part (b) use the energy expression, Eq. 7.14, 


to find the potential energy intially in the spring. 
SET Up: Initially both blocks are at rest. 


Figure 8.20 


EXECUTE: (a) M Vj + MV), = MAV 42x + MgV pry 
0 =M iV 12x + MgVgx 


va = (z Jems = E e) +1.20 m/s) = -3.60 m/s 
my . 8 


Block A has a final speed of 3.60 m/s, and moves off in the opposite direction to B. 
(b) Use energy conservation: K, +U, + Wane =K,+U,. 
Only the spring force does work so W ne = 0 and U =U- 


other 


K, =0 (the blocks initially are at rest) 


U, =0 (no potential energy is left in the spring) 


K, =4m,v2, +4m,v2, = +(1.00 kg)(3.60 m/s)? +4(3.00 kg)(1.20 m/s)? =8.64 J 


1 
2 B2 


U, =U, the potential energy stored in the compressed spring. 


Thus U, a =K, =8.64 J 


EVALUATE: The blocks have equal and opposite momenta as they move apart, since the total momentum is zero. 
The kinetic energy of each block is positive and doesn’t depend on the direction of the block’s velocity, just on its 
magnitude. 

IDENTIFY: Since friction at the pond surface is neglected, there is no net external horizontal force and the 
horizontal component of the momentum of the system of hunter plus bullet is conserved. Both objects are initially 
at rest, so the initial momentum of the system is zero. Gravity and the normal force exerted by the ice together 
produce a net vertical force while the rifle is firing, so the vertical component of momentum is not conserved. 

SET Up: Let object A be the hunter and object B be the bullet. Let +x be the direction of the horizontal 
component of velocity of the bullet. Solve for v,,.. 
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8.23. 


8.24. 


8.25. 


EXECUTE: (a) v,,,=+965 m/s. P, =P,, =0. 0O=m,v,,,+m,V,,, and 


m, 4.20x10° kg 
y. z B2x T 


965 m/s) = —0.0559 m/s . 
Mr 72.5 kg I ) 


mM, 


4.20x10° kg 
72.5 kg 


EVALUATE: The mass of the bullet is much less than the mass of the hunter, so the final mass of the hunter plus 
gun is still 72.5 kg, to three significant figures. Since the hunter has much larger mass, her final speed is much less 
than the speed of the bullet. 


IDENTIFY: Assume the nucleus is initially at rest. K = tm? : 


(b) Vsa; = Vp COSO = (965 m/s)cos56.0° = 540 m/s. vi, = { Jew m/s) = —0.0313 m/s . 


SETUP: Let +x be to the right. v,,. =—v, and vpz, = +v; . 
; m; 
EXECUTE: (a) P, =F, =0 gives M Vg FMgVga =0. Vg =| — |v, . 


2 2 
(b) K, = mvi =. MV 4 Ms 
K, 
EVALUATE: The lighter fragment has the greater kinetic energy. 
IDENTIFY: Apply conservation of momentum to the nucleus and its fragments. The initial momentum is zero. 


The *'*Po nucleus has mass 214(1.67 x10” kg) =3.57x10~ kg , where 1.67x10°-” kg is the mass of a nucleon 


2 
ody 2 2 4 
zMVs m,(m,v,/m,) mM, 


(proton or neutron). K = +mv ; 
SET Up: Let +x be the direction in which the alpha particle is emitted. The nucleus that is left after the decay has 
mass m, =3.75x10” kg—m, =3.57x10 kg-6.65x10” kg =3.50x10™ kg. 


2(1.23x10 ° J) 


— =1.92x10’ m/s. 
6.65x107” kg 


: m 2K 
EXECUTE: P,,=F,=0 gives m, Va +M, V, =0.v,=—*v,. Vv, = f= 
mM, mM, 


> 6.65x10” kg 
” {3.50x10” kg 

EVALUATE: The recoil velocity of the more massive nucleus is much less than the speed of the emitted alpha 

particle. 

IDENTIFY and SET UP: Let the +x-direction be horizontal, along the direction the rock is thrown. There is no net 

horizontal force, so P. is constant. Let object A be you and object B be the rock. 


x 


Jo x10’ m/s) =3.65x10° m/s. 


EXECUTE: 0=-m,v,+m,v, cos35.0° 


o 
_ MV, COS35.0 
LS ee 


=2.11 m/s 


m, 


EVALUATE: P, is not conserved because there is a net external force in the vertical direction; as you throw the 
rock the normal force exerted on you by the ice is larger than the total weight of the system. 

IDENTIFY: Each horizontal component of momentum is conserved. K =4mv’. 

SETUP: Let +x be the direction of Rebecca’s initial velocity and let the +y axis make an angle of 36.9° with 
respect to the direction of her final velocity. Vpis =Vp,, =O. Vgi, =13.0 m/s; vk, =0. 

Vra, = (8.00 m/s)cos53.1° = 4.80 m/s ; Vax, = (8.00 m/s)sin53.1° = 6.40 m/s . Solve for vp), and Vozy * 
EXECUTE: (a) P, =P, gives MpVgix = MgVrox + MpYpax + 

Mp (Very —Yrax) _ (45.0 kg)(13.0 m/s — 4.80 m/s) 


Vp2x = =5.68 m/s. 
m, 65.0 kg 
. m 45.0 kg 
P, =P, gives 0=mMpYg2, + Mpp, » Vory = Te VRay = E Ns (sao m/s) =—4.43 m/s. 
The directions of ¥,,, Veo and Vp, are sketched in Figure 8.25. tan@ = ody | AAI nis and 8 =38.0°. 
Vp2,| 5-68 m/s 


Vp = {Voor +Yp2, = 7.20 m/s . 
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8.27. 


8.28. 


(b) K, =$mgva, =4(45.0 kg)(13.0 m/s)’ =3.80x10° J. 
K, =4mgVgy + FMpV5p = 4(45.0 kg)(8.00 m/s)? +4(65.0 kg)(7.20 m/s}? =3.12x10° J. 
AK = K,—K, =-680J. 


EVALUATE: Each component of momentum is separately conserved. The kinetic energy of the system increases. 
y 


VR2 
VRI 
7 a 
Vp2 
Figure 8.25 


IDENTIFY: There is no net external force on the system of astronaut plus canister, so the momentum of the 
system is conserved. 

SET UP: Let object A be the astronaut and object B be the canister. Assume the astronaut is initially at rest. After 
the collision she must be moving in the same direction as the canister. Let +x be the direction in which the canister 
is traveling initially, so v,,,=0, Viz, =+2.40 m/s, v,,, =+3.50 m/s, and v,,, =+1.20 m/s . Solve for m,. 


_Mm,Vyp,—-Viny) _ (78.4 kg)(2.40 m/s —0) 
v 3.50 m/s —1.20 m/s 

EVALUATE: She must exert a force on the canister in the —x direction to reduce its velocity component in the 

+x direction. By Newton’s third law, the canister exerts a force on her that is in the +x direction and she gains 

velocity in that direction. 

IDENTIFY: The horizontal component of the momentum of the system of the rain and freight car is conserved. 

SETUP: Let +x be the direction the car is moving initially. Before it lands in the car the rain has no momentum along the 

x axis. 

EXECUTE: (a) P, =P, says (24,000 kg)(4.00 m/s) =(27,000 kg)v,, and v,, =3.56 m/s. 


(b) After it lands in the car the water must gain horizontal momentum, so the car loses horizontal momentum. 
EVALUATE: The vertical component of the momentum is not conserved, because of the vertical external force 
exerted by the track. 

IDENTIFY: The x and y components of the momentum of the system of the two asteroids are separately conserved. 
SETUP: The before and after diagrams are given in Figure 8.28 and the choice of coordinates is indicated. Each 
asteroid has mass m. 

EXECUTE: (a) P, =P, gives mv,,=mv,,cos30.0° + mv,,cos45.0° . 40.0 m/s = 0.866v,, +0.707v,, and 


0.707V,, = 40.0 m/s —0.866v,, . 


EXECUTE: P =P. MyVyy+MgV aig =M Vary t+MpV pre» Mp =81.8kg. 


x 


Vv 


Bix "B2x 


P,, =P,, gives 0=mv,,sin30.0° —mv,, sin 45.0° and 0.500v,, =0.707V,, . 


Combining these two equations gives 0.500v,, =40.0 m/s —0.866v,, and v,, =29.3 m/s . Then 


Vg = 


.500 
(Ross m/s) = 20.7 m/s . 
0.707 


K, va +v _ (29.3 m/s)’ + (20.7 m/s)” 
p (40.0 m/s)’ 


v 


=0.804. 


(b) K, =}mv}. K, =4mvi,+5mv5y. 
1 
AK K,-K, K, 
K K 


1=-0.196. 


1 1 1 


19.6% of the original kinetic energy is dissipated during the collision. 
EVALUATE: We could use any directions we wish for the x and y coordinate directions, but the particular choice 
we have made is especially convenient. 
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VB2 
Before After 
Figure 8.28 
8.29. IDENTIFY: Since drag effects are neglected there is no net external force on the system of two fish and the momentum 
of the system is conserved. The mechanical energy equals the kinetic energy, which is K =Łmv° for each object. 
SETUP: Let object A be the 15.0 kg fish and B be the 4.50 kg fish. Let +x be the direction the large fish is 
moving initially, so v,,, =1.10 m/s and v,,, =0. After the collision the two objects are combined and move with 
velocity v,. Solve for v,,. 
EXECUTE: (a) PB, =P. mV ix + MgVgi = (M4 + Mg). 
_ M WV ay + MgVp,, _ (15.0 kg)(1.10 m/s) +0 
m,+M, 15.0kg+4.50 kg 


= 0.846 m/s. 


Voy 


(b) K, =}m vi +4m,V;, =5(15.0 kg)(1.10 m/s)’ =9.08 J. K, =4(m, +m,)v; =4(19.5 kg)(0.846 m/s)’ = 6.98 J . 
AK = K, —- K, = -2.10 J . 2.10 J of mechanical energy is dissipated. 


EVALUATE: The total kinetic energy always decreases in a collision where the two objects become combined. 
8.30. IDENTIFY: There is no net external force on the system of the two otters and the momentum of the system is 


conserved. The mechanical energy equals the kinetic energy, which is K =4mv’ for each object. 
SET Up: Let A be the 7.50 kg otter and B be the 5.75 kg otter. After the collision their combined velocity is Y, . 
Let +x be to the right, so v,,, =—5.00 m/s and vp, = +6.00 m/s. Solve for v,,. 
EXECUTE: (a) A, =P. Vy +MgVp_, = (M4 + Mg )V>, « 
y = MAV ax F MeV ox _ (7.50 kg)(—5.00 m/s) + (5.75)(+6.00 m/s) _ 
i m,+M, 7.50 kg + 5.75 kg 


0.226 m/s . 


(b) K, =4m,vi, +4m,V;, =5(7.50 kg)(5.00 m/s)” +4(5.75 kg)(6.00 m/s)” =197.2 J. 
K, =4(m, +m,)v; =4(13.25 kg)(0.226 m/s)” = 0.338 J. 
AK = K, - K, =-197 J. 197 J of mechanical energy is dissipated. 


EVALUATE: The total kinetic energy always decreases in a collision where the two objects become combined. 
8.31. IDENTIFY: Treat the comet and probe as an isolated system for which momentum is conserved. 
SET Up: In part (a) let object A be the probe and object B be the comet. Let —x be the direction the probe is 


traveling just before the collision. After the collision the combined object moves with speed v, . The change in 


velocity is Av=v,, —V,,,. In part (a) the impact speed of 37,000 km/h is the speed of the probe relative to the 
comet just before impact: v,,,—V,,, =—37,000 km/h. In part (b) let object A be the comet and object B be the 
earth. Let —x be the direction the comet is traveling just before the collision. The impact speed is 40,000 km/h, so 
Vary — Vary = 40,000 km/h . 


mv +mM,V 
EXECUTE: (a) P, =P. v,, 5—4, 


m 


M4 tMg 
m m,-m,-m m 
AV = V, — Verx -[ 4 Jp t E 4 v= 4 Jon Vax). 
mı +mMmpg mı tMg m,+Ms 
Av= 372 kg a (-37,000 km/h) = -1.4x10° km/h . 
372 kg + 0.10x10" kg 


The speed of the comet decreased by 1.4x10°° km/h. This change is not noticeable. 
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0.10x10" kg 
0.10x10"* kg +5.97x10" k 


by 6.7x10° km/h . This change is not noticeable. 
EVALUATE: V4, —V,,, is the velocity of the projectile (probe or comet) relative to the target (comet or earth). 


(b) Av -( I 40,000 km/h) = -6.7 x10 km/h . The speed of the earth would change 
8 


The expression for Av can be derived directly by applying momentum conservation in coordinates in which the 
target is initially at rest. 

IDENTIFY: The forces the two vehicles exert on each other during the collision are much larger than the 
horizontal forces exerted by the road, and it is a good approximation to assume momentum conservation. 
SETUP: Let +x be eastward. After the collision two vehicles move with a common velocity v,. 


EXECUTE: (a) P, =P, gives mgcVgc, + MV = (Mge +M Wa- 

_ Mg Voc, +MY _ (1050 kg)(—15.0 m/s) + (6320 kg)(+10.0 m/s) 
i mMc +My 1050 kg + 6320 kg 
The final velocity is 6.44 m/s, eastward. 


= 6.44 m/s. 


Vy 


; 1050 k 
(b) P, =P, =0 gives MgcVso MV =0. v= isc Vscx = Wie (-15.0 m/s) = 2.50 m/s. The truck 
; : : l 7 6320 kg 
would need to have initial speed 2.50 m/s. 


(c) part (a): AK =4(7370 kg)(6.44 m/s)? —4(1050 kg)(15.0 m/s)” —£(6320 kg)(10.0 m/s)? =—2.81x10° J 
part (b): AK =0—+(1050 kg)(15.0 m/s) —+(6320 kg)(2.50 m/s)’ =—1.38x10° J . The change in kinetic energy 


has the greater magnitude in part (a). 

EVALUATE: In part (a) the eastward momentum of the truck has a greater magnitude than the westward 
momentum of the car and the wreckage moves eastward after the collision. In part (b) the two vehicles have equal 
magnitudes of momentum, the total momentum of the system is zero, and the wreckage is at rest after the collision. 
IDENTIFY: The forces the two players exert on each other during the collision are much larger than the horizontal 
forces exerted by the slippery ground and it is a good approximation to assume momentum conservation. Each 
component of momentum is separately conserved. 

SETUP: Let +x be east and +y be north. After the collision the two players have velocity v,. Let the linebacker 


be object A and the halfback be object B, so v,,,=0, Va, =8.8 m/s, Vg, =7.2 m/s and vp, =0. Solve for 


Bly 
y,, and Voy + 

EXECUTE: P =P, gives m,v4,+m,V,,, = (m; +My), - 

_ (85 kg)(7.2 m/s) 


_ MAV aix T MgVz 


A L =3.14 m/s . 
2 m,+M, 110 kg +85 kg 

P, =P, gives May +MgVp), =(M, + Mg )Vo, - 

ae MV ay + MgYgiy _ (110 kg)(8.8 m/s) -4.96 m/s 

j m, +m; 110kg+85kg ` l 
v= v, +v, =5.9 m/s. 

tang =~ 2o ih and 0 =58° 
v,, 3.14 m/s 


The players move with a speed of 5.9 m/s and in a direction 58° north of east. 

EVALUATE: Each component of momentum is separately conserved. 

IDENTIFY: There is no net external force on the system of the two skaters and the momentum of the system is 
conserved. 

SETUP: Let object A be the skater with mass 70.0 kg and object B be the skater with mass 65.0 kg. Let +x be to 


the right, so v,,, =+2.00 m/s and v,,, =—2.50 m/s. After the collision the two objects are combined and move with 
velocity v,. Solve for v,,. 
EXECUTE: P =P,- MiV ax tMg =(M, + Mg) - 

_ MV ax +MgVp_,, _ (70.0 kg)(2.00 m/s) + (65.0)(—2.50 m/s) _ 
í m, +m; 70.0 kg +65.0 kg 


The two skaters move to the left at 0.167 m/s. 
EVALUATE: There is a large decrease in kinetic energy. 


0.167 m/s. 


v 
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8.35. IDENTIFY: Neglect external forces during the collision. Then the momentum of the system of the two cars is 
conserved. 
SET UP: m, =1200 kg , m, =3000 kg . The small car has velocity v, and the large car has velocity v, . 


EXECUTE: (a) The total momentum of the system is conserved, so the momentum lost by one car equals the 
momentum gained by the other car. They have the same magnitude of change in momentum. Since p=mv and 


Ap is the same, the car with the smaller mass has a greater change in velocity. 


m,Av, =m,Av, and Av. = (2 Jo = E kg Je» =2.50Ar. 


Ms 


(b) The acceleration of the small car is greater, since it has a greater change in velocity during the collision. The 
large acceleration means a large force on the occupants of the small car and they would sustain greater injuries. 
EVALUATE: Fach car exerts the same magnitude of force on the other car but the force on the compact has a 
greater effect on its velocity since its mass is less. 

8.36. IDENTIFY: The collision forces are large so gravity can be neglected during the collision. Therefore, the 
horizontal and vertical components of the momentum of the system of the two birds are conserved. 
SET Up: The system before and after the collision is sketched in Figure 8.36. Use the coordinates shown. 


5.0m/s 


x Falcon 


20.0 m/s 


5 
9.0m/s Raven Raven 
Vraven-2 COS b 


i on 


v | aED ERE Vraven-2 Sin 
raven-2 


Before After 
Figure 8.36 


EXECUTE: There is no external force on the system so F, =P, and R, =P,,. 

P =P, gives (1.5 kg)(9.0 m/s) = (1.5 kg)V aven COSØ and Vaven COS =9.0 m/s . 

F, =P, gives (0.600 kg)(20.0 m/s) = (0.600 kg)(—5.0 m/s) + (1.5 kg)Vaven2 SiN Ø and Vavenz SiN =10.0 m/s . 
10.0 m/s 


Combining these two equations gives tan ø =——— and ¢=48°. 
9.0 m/s 


EVALUATE: Due to its large initial speed the lighter falcon was able to produce a large change in the raven’s 
direction of motion. 

8.37. IDENTIFY: Since friction forces from the road are ignored, the x and y components of momentum are conserved. 
SETUP: Let object A be the subcompact and object B be the truck. After the collision the two objects move 
together with velocity V, . Use the x and y coordinates given in the problem. v4, =V,,, =0. 


V>, =(16.0 m/s)sin 24.0° =6.5 m/s ; v,, =(16.0 m/s)cos24.0° =14.6 m/s. 
EXECUTE: P,=P,, gives m,v,,, =(m,+m,)V,. 


Vas = k _ þa = (= = — ‘8)(6s se) 219 Seale 
mM, g 


ly 


P, =P, gives mvp, =(m,+mp)v», 


i (mate), g (25e a te a46 EN 
r m, 8 


Before the collision the subcompact car has speed 19.5 m/s and the truck has speed 21.9 m/s. 
EVALUATE: Each component of momentum is independently conserved. 

8.38. IDENTIFY: Apply conservation of momentum to the collision. Apply conservation of energy to the motion of the 
block after the collision. 
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8.39. 


8.40. 


SETUP: Conservation of momentum applied to the collision between the bullet and the block: Let object A be 
the bullet and object B be the block. Let v, be the speed of the bullet before the collision and let V be the speed of 
the block with the bullet inside just after the collision. 


vy =0 


A> B | A+B 
| 


x x 


Figure 8.38a 


P, is constant gives mv; = (m; +m) . 


x 


Conservation of energy applied to the motion of the block after the collision: 


ya te #2 v0 
=> r l 
| A+B L 
| 0.230 m z i 
Figure 8.38b 


K +U, +W, 


other 


=K,+U, 

EXECUTE: Work is done by friction so Wome =W, =(f, cos Ø)s =- fS = —L4,mgs 
U, =U, =0 (no work done by gravity) 

K, =4mV°; K,=0 (block has come to rest) 

Thus +mV* — u, mgs =0 

V = J2u,gs = J2(0.20)(9.80 m/s”)(0.230 m) = 0.9495 m/s 

Use this in the conservation of momentum equation 


-| me y (SAT kg +1.20 kg 


v, Josns m/s) = 229 m/s 


5.00x10° kg 


mı 


EVALUATE: When we apply conservation of momentum to the collision we are ignoring the impulse of the 
friction force exerted by the surface during the collision. This is reasonable since this force is much smaller than 
the forces the bullet and block exert on each other during the collision. This force does work as the block moves 
after the collision, and takes away all the kinetic energy. 

IDENTIFY: Apply conservation of momentum to the collision and conservation of energy to the motion after the 
collision. After the collision the kinetic energy of the combined object is converted to gravitational potential 
energy. 

SETUP: Immediately after the collision the combined object has speed V. Let A be the vertical height through 
which the pendulum rises. 

EXECUTE: (a) Conservation of momentum applied to the collision gives 


(12.0x10™ kg)(380 m/s) =(6.00 kg +12.0x10° kg)V and V =0.758 m/s. 


Conservation of energy applied to the motion after the collision gives 4m,,V7 =m,,,gh and 
8y app 8 tot 


2 tot 
2 2 
sr Beas _ 60093 = 293 cin: 
2g  2(9.80 m/s’) 
(b) K =4m,v;, =4(12.0x 10% kg)(380 m/s} = 866 J. 
(©) K =4m,,V* =4(6.00 kg +12.0x10° kg)(0.758 m/s)’ =1.73 J. 
EVALUATE: Most of the initial kinetic energy of the bullet is dissipated in the collision. 
IDENTIFY: Each component of horizontal momentum is conserved. 
SETUP: Let +x be east and +y be north. vs, =V,,, =0. v5, = (6.00 m/s)cos37.0° = 4.79 m/s , 
Vs9y = (6.00 m/s)sin 37.0° =3.61 m/s , v4, =(9.00 m/s) cos 23.0° = 8.28 m/s and 
=—(9.00 m/s)sin 23.0° = -3.52 m/s . 
EXECUTE: P, =P, gives mV), = Msz MAVA: 


| Myy, +M, V,a, _ (80.0 kg)(4.79 m/s) + (50.0 kg)(8.28 m/s) 
80.0 kg 


Vary 


=9.97 m/s. 


Vsix 


Ms 


Sam’s speed before the collision was 9.97 m/s. 
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8.42. 


8.43. 


Fy =P, SIVES MV ay, = MyVeoy FIM Vary + 


_ MVsay +MVar, _ (80.0 kg)(3.61 m/s) + (50.0 kg)(—3.52 m/s) 
S ms 50.0 kg 
Abigail’s speed before the collision was 2.26 m/s. 
(b) AK =4(80.0 kg)(6.00 m/s)’ +4(50.0 kg)(9.00 m/s)’ -+ (80.0 kg)(9.97 m/s)? -+ (50.0 kg)(2.26 m/s)”. AK =-639 J. 


EVALUATE: The total momentum is conserved because there is no net external horizontal force. The kinetic 
energy decreases because the forces between the objects do negative work during the collision. 
IDENTIFY: When the spring is compressed the maximum amount the two blocks aren’t moving relative to each 


‘, =2.26 m/s. 


other and have the same velocity V relative to the surface. Apply conservation of momentum to find V and 
conservation of energy to find the energy stored in the spring. Since the collision is elastic, Eqs. 8.24 and 8.25 give 
the final velocity of each block after the collision. 

SET Up: Let +x be the direction of the initial motion of A. 

EXECUTE: (a) Momentum conservation gives (2.00 kg)(2.00 m/s) =(12.0 kg) and V =0.333 m/s . Both 
blocks are moving at 0.333 m/s, in the direction of the initial motion of block A. Conservation of energy says the 
initial kinetic energy of A equals the total kinetic energy at maximum compression plus the potential energy U, 


stored in the bumpers: $(2.00 kg)(2.00 m/s) =U, +4(12.0 kg)(0.333 m/s)” and U, =3.33 J. 


m,-m 


Z Wa, = 200 Se TUDES (2.00 m/s) = -1.33 m/s . Block A is moving in the —x direction at 
m,+m,) ~~ 12.0 kg 


(b) Vir. -( 
1.33 m/s. 


Vaox = muy Vix = 212 007%8) (2.00 m/s) = +0.667 m/s . Block B is moving in the +x direction at 0.667 m/s. 
á m; +m; 12.0 kg 


EVALUATE: When the spring is compressed the maximum amount the system must still be moving in order to 
conserve momentum. 
IDENTIFY: No net external horizontal force so P, is conserved. Elastic collision so K, = K, and can use Eq. 8.27. 


SET UP: 


before 


Figure 8.42 


EXECUTE: From conservation of x-component of momentum: 


MAV gy + MgV gy = MV 42x + MgVg9, 
MV 4) — MgV zy = MV go, + MgV go, 
(0.150 kg)(0.80 m/s) — (0.300 kg)(2.20 m/s) = (0.150 kg)v,,. + (0.300 kg)v,,, 


-3.60 m/s = Vaa, +2V49, 


From the relative velocity equation for an elastic collision Eq. 8.27: 
Vaoy Vary = (Vix — Van) = —(—2.20 m/s — 0.80 m/s) = +3.00 m/s 


3.00 m/s =—v,,. +Vpz, 


Adding the two equations gives —0.60 m/s =3v,,, and vp, =—0.20 m/s. Then v,,, =v ,), — 3.00 m/s = -3.20 m/s. 


The 0.150 kg glider (4) is moving to the left at 3.20 m/s and the 0.300 kg glider (B) is moving to the left at 
0.20 m/s. 


EVALUATE: We can use our v,,, and v,,, to show that P, is constant and K, = K, 

IDENTIFY: Since the collision is elastic, both momentum conservation and Eq. 8.27 apply. 

SETUP: Let object A be the 30.0 kg marble and let object B be the 10.0 g marble. Let +x be to the right. 
EXECUTE: (a) Conservation of momentum gives 

(0.0300 kg)(0.200 m/s) + (0.0100 kg)(—0.400 m/s) = (0.0300 kg)v,,, +(0.0100 kg)v,,,. 

3V 4, + Ypa, = 0.200 m/s . Eq. 8.27 says v,..—V4), =—(—0.400 m/s — 0.200 m/s) = +0.600 m/s . Solving this pair of 
equations gives v,,, =—0.100 m/s and v}, =+0.500 m/s. The 30.0 g marble is moving to the left at 0.100 m/s 
and the 10.0 g marble is moving to the right at 0.500 m/s. 
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8.44. 


8.45. 


8.46. 


(b) For marble A, AP, =m,v,,, — M 4V 4, = (0.0300 kg)(—0.100 m/s — 0.200 m/s) = —0.00900 kg -m/s . 
For marble B, AP,, = ,V,7, —MgVz1, = (0.0100 kg)(0.500 m/s —[—0.400 m/s]) = +0.00900 kg : m/s . 
The changes in momentum have the same magnitude and opposite sign. 

(c) For marble A, AK, = +m v}, —4m,v;, = +(0.0300 kg)({0.100 m/s]? -[0.200 m/s]’) =-4.5x107 J. 
For marble B, AK, =4m,V; —+m,Vz, =4(0.0100 kg)([0.500 m/s} —[0.400 m/s}’) = +4.5x10* J. 


The changes in kinetic energy have the same magnitude and opposite sign. 
EVALUATE: The results of parts (b) and (c) show that momentum and kinetic energy are conserved in the 
collision. 


IDENTIFY and SETUP: Without rounding, the calculation in Example 8.12 gives v,, = V20 ms. 
EXECUTE: The two equations in Example 8.12 for œ and 2 are 


(0.500 kg)(4.00 m/s) = (0.500 kg)(2.00 m/s)(cos œ) + (0.300 kg)(/20 m/s)(cos £) Eq. 1 
and 


0 = (0.500 kg)(2.00 m/s)(sin œ) — (0.300 kg)(V20 m/s)sin 2 Eq. 2. 


Dividing each equation by (0.500 kg)(1.00 m/s) gives 


4.00 = 2.00 cos æ +0.6V20 cos 8 Eq. 3 

and 
0=2.00sina —0.6V20sin 2 Eq. 4. 
4.00 —2.00cosa@ 
0.620 

Eq. 4 gives sin 2 =0.7454sin@ and sin? 8 =0.5556sin’ æ = 0.5556 —0.5556cos’ a. 
Adding the two equations and using sin? 6 +cos? 8 =1 gives 1=2.778—2.222cosa@ and cosa =0.8002. 
a =36.9°. Then sin 8 =0.7454sina gives B=26.6°. 
EVALUATE: For these values of æ and £ , the x component of momentum, the y component of momentum and 


Eq. 3 gives cos 2 = and cos? 8 = 2.222 —2.222cosa+0.5556cos’ a. 


the kinetic energy are all conserved in the collision. 
IDENTIFY: Eqs. 8.24 and 8.25 apply, with object A being the neutron. 
SET Up: Let +x be the direction of the initial momentum of the neutron. The mass of a neutron is m, =1.0 u. 


— 1.0 u-2. 
EXECUTE: (a) va ra ya, tE oa 
m,+m, Ou+2.0u 


is one-third its initial speed. 


= -v,,,/3.0. The speed of the neutron after the collision 


(b) K, =4m,v; =4m,(v,,/3.0) =Z K, 


n'n 2 


n 1 n 1 
(c) After n collisions, v}, = ! Vig = , so 3.0" =59,000. nlog3.0=1log59,000 and n=10. 
3.0 3.0 59,000 


EVALUATE: Since the collision is elastic, in each collision the kinetic energy lost by the neutron equals the 
kinetic energy gained by the deuteron. 

IDENTIFY: Elastic collision. Solve for mass and speed of target nucleus. 

SETUP: (a) Let A be the proton and B be the target nucleus. The collision is elastic, all velocities lie along a line, 
and B is at rest before the collision. Hence the results of Eqs. 8.24 and 8.25 apply. 

EXECUTE: Eq. 8.24: m,(v, + v,,)=m,(v, —V4,), where v, is the velocity component of A before the collision 


and v, is the velocity component of A after the collision. Here, v, =1.50x10’ m/s (take direction of incident 


beam to be positive) and v, =—1.20x10’ m/s (negative since traveling in direction opposite to incident beam). 
p Ax g g pp 


V-V 1.50x10’ m/s +1.20x10" m/s 2.70 
m; =m;| — “l=m = > =m =9.00m. 
Vi +Vy 1.50x10° m/s —1.20x10° m/s 


(by Ha asin =| v-( om J.50310" ms) =3.00x10" mi 
Í m,+M, m+9.00m 


EVALUATE: Can use our calculated v,, and m, to show that P, is constant and that K, = K,. 


x 
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8.50. 


IDENTIFY: Apply Eq. 8.28. 
SETUP: m,=0.300 kg, m, =0.400 kg, mo =0.200 kg. 


MX ,+M,X, +M.X, 
EXECUTE: x =—*4—%3 CC. 


cm 


M4 +mMg +Me 


_ (0.300 kg)(0.200 m) + (0.400 kg)(0.100 m) + (0.200 kg)(—0.300 m) 


en =0.0444 m. 
0.300 kg + 0.400 kg + 0.200 kg 
y _mM4Y4 + MgYg t+ MV ; 
E m, +m; +me 
_ (0.300 kg)(0.300 m) + (0.400 kg)(—0.400 m) + (0.200 kg)(0.600 m) _ 0.0556 m. 


= 0.300 kg + 0.400 kg + 0.200 kg 


EVALUATE: There is mass at both positive and negative x and at positive and negative y and therefore the center 
of mass is close to the origin. 
IDENTIFY: Calculate xm- 


SETUP: Apply Eq. 8.28 with the sun as mass 1 and Jupiter as mass 2. Take the origin at the sun and let Jupiter 
lie on the positive x-axis. 
F 


<— 7.78 x 10! m—> 


Sun g= 
x 


2 27 
me = 1,99 X 10° kg m= 1.90 X 10° kg 
Figure 8.48 

_ MX, TMX, 
cm 
m +m, 


EXECUTE: x,=0 and x, =7.78x10"' m 


__(1.9010"7 kg)(7.78 x10" m) 


Ken 30 a = 7.42x10° m 
1.99x10" kg+1.90x10" kg 


The center of mass is 7.42x10* m from the center of the sun and is on the line connecting the centers of the sun 


and Jupiter. The sun’s radius is 6.96 x10* m so the center of mass lies just outside the sun. 

EVALUATE: The mass of the sun is much greater than the mass of Jupiter so the center of mass is much closer to 
the sun. For each object we have considered all the mass as being at the center of mass (geometrical center) of the 
object. 

IDENTIFY: The location of the center of mass is given by Eq. 8.48. The mass can be expressed in terms of the 
diameter. Each object can be replaced by a point mass at its center. 

SET Up: Use coordinates with the origin at the center of Pluto and the +x direction toward Charon, so x, =0 


xc =19,700 km. m= pV = p4ar’=tpnd’. 


1 3 3 

MpXp + McXo Mc t pnd dè 

EXECUTE: Xn = e- c r= l EP <—. e — “pe: 
mp +M¢ mp +M¢ prd +5 pnd. d, +d 


-| [1250 km]? 


5 ~ (19,700 km) = 2.52 x10° km. 
[2370 km} +[1250 km] 


The center of mass of the system is 2.52x10° km from the center of Pluto. 

EVALUATE: The center of mass is closer to Pluto because Pluto has more mass than Charon. 

IDENTIFY: Apply Eqs. 8.28, 8.30 and 8.32. There is only one component of position and velocity. 

SETUP: m,=1200 kg, m, =1800 kg. M =m, +m, =3000 kg . Let +x be to the right and let the origin be at 


the center of mass of the station wagon. 


EXECUTE: (a) x, = M4X4 +MgXp _ 0+ (1800 kg)(40.0 m) 

m,+m, 1200 kg +1800 kg 
The center of mass is between the two cars, 24.0 m to the right of the station wagon and 16.0 m behind the lead 
car. 


= 24.0 m. 


Momentum, Impulse, and Collisions 8-15 


8.51. 


8.52. 


8.53. 


(b) P. =m,V4, + mVz, = (1200 kg)(12.0 m/s) + (1800 kg)(20.0 m/s) = 5.04x10* kg: m/s. 
ENE M 4V4 x +MgVg x _ (1200 kg)(12.0 m/s) + (1800 kg)(20.0 m/s) 
ar m, +m; 1200 kg +1800 kg 


A 

= (3000 kg)(16.8 m/s) = 5.04x10* kg: m/s , the same as in part (b). 

EVALUATE: The total momentum can be calculated either as the vector sum of the momenta of the individual 

objects in the system, or as the total mass of the system times the velocity of the center of mass. 

IDENTIFY: Use Eq. 8.28 to find the x and y coordinates of the center of mass of the machine part for each 

configuration of the part. In calculating the center of mass of the machine part, each uniform bar can be represented 

by a point mass at its geometrical center. 

SETUP: Use coordinates with the axis at the hinge and the +x and +y axes along the horizontal and vertical bars 

in the figure in the problem. Let (x,,y,) and (xp, yp) be the coordinates of the bar before and after the vertical bar 

is pivoted. Let object 1 be the horizontal bar, object 2 be the vertical bar and 3 be the ball. 

_ mx,+m,x,+m,x, _ (4.00 kg)(0.750 m)+0+0 
m, +m, +m, 4.00 kg +3.00 kg + 2.00 kg 


_my,+my,+m,y, _0+(3.00 kg)(0.900 m) + (2.00 kg)(1.80 m) 
m +m, +m, 9.00 kg 


=16.8 m/s. 


(d) P.=My 


cm-x 


EXECUTE: Xx, =0.333m. 


= 0.700 m. 


ve, — (4.00 kg)(0.750 m) + (3.00 kg)(-0.900 m) + (2.00 kg)(—1.80 m) _ 


f 0.366 m. 
9.00 kg 


y =O. x, -—x, =—0.700 m and y, — y; =—0.700 m . The center of mass moves 0.700 m to the right and 0.700 m 


upward. 

EVALUATE: The vertical bar moves upward and to the right so it is sensible for the center of mass of the machine 
part to move in these directions. 

(a) IDENTIFY: Use Eq. 8.28. 

SET Up: The target variable is m,. 


EXECUTE: x,,,=2.0m, y,, =90 


ee EMD _ m (0)+(0.10 kg)(8.0m) 0.80 kg-m 
™  m+m, m, + (0.10 kg) m, +0.10 kg ` 
Xem =2.0 Mm gives 2.0 m eres i 
m, +0.10 kg 
E TE S as, 
m, =0.30 kg. 


EVALUATE: The cm is closer to m, so its mass is larger then m,. 
(b) IDENTIFY: Use Eq. 8.32 to calculate P. 
SETUP:  ¥,,, =(5.0 m/s) j. 
P= M „ =(0.10 kg + 0.30 kg)(5.0 m/s)i =(2.0 kg-m/s)i. 
(c) IDENTIFY: Use Eq. 8.31. 


SETUP: ¥,, = mM tmy The target variable is ¥,. Particle 2 at rest says v, = 0. 
m, +m, 
i 10k > R 
EXECUTE: ¥,= aa v= U EaU (5.00 m/s)i =(6.7 m/s)i. 
m, 0.30 kg 


EVALUATE: Using the result of part (c) we can calculate p, and p, and show that P as calculated in part (b) 
does equal p, + p,. 
IDENTIFY: There is no net external force on the system of James, Ramon and the rope and the momentum of the 


system is conserved and the velocity of its center of mass is constant. Initially there is no motion, and the velocity 
of the center of mass remains zero after Ramon has started to move. 
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8.56. 


8.57. 


SET Up: Let +x be in the direction of Ramon’s motion. Ramon has mass m, = 60.0 kg and James has mass 
m, =90.0 kg. 
MpVpy FMV iy 


EXECUTE: Vam =—~—*—— = 0. 
Mg +m, 


Vy = (2 Ji = te Ke (070 m/s) = —0.47 m/s . James’ speed is 0.47 m/s. 
m, 90.0 kg 

EVALUATE: As they move, the two men have momenta that are equal in magnitude and opposite in direction, and 

the total momentum of the system is zero. Also, Example 8.14 shows that Ramon moves farther than James in the 

same time interval. This is consistent with Ramon having a greater speed. 

(a) IDENTIFY and SET UP: Apply Eq. 8.28 and solve for m, and m,. 


EXECUTE: y, = Z2 TMy 
m +m, 
m, +m, = Bs ie Va: a) OSU Ke0 mM) =1.25 kg and m, =0.75 kg. 
Yem 2.4 m 


EVALUATE: Y is closer to m, since m, >m,. 
(b) IDENTIFY and SET UP: Apply a=dv/dt for the cm motion. 
= dv 


EXECUTE: än == =(1.5 m/s’ Jt. 
dt 


(c) IDENTIFY and SET Up: Apply Eq. 8.34. 
EXECUTE: F,, = Mā, =(1.25 kg)(1.5 m/s’). 


At 1=3.0s, J F = (1.25 kg)(1.5 m/s’)(3.0 s)i=(5.6 N)i. 


EVALUATE: V,» İS positive and increasing so a, is in the +x-direction. There is no 


cm-x 


is positive and F 


m—x ext 


motion and no force component in the y-direction. 


~- dP , 
IDENTIFY: Appl F =— to the airplane. 
pply >, P rp 
SET UP: A (e)=n t", IN=1kg-m/s’. 
dt 


EXECUTE: Z =[-(1.50 kg-m/s*)r]i + (0.25 kg-m/s°)j . F, =-(1.50 N/s)t, F, =0.25N , F, =0. 


EVALUATE: There is no momentum or change in momentum in the z direction and there is no force component 
in this direction. 

IDENTIFY: Use Eq. 8.38, applied to a finite time interval. 

SETUP: v =1600 m/s 


Am -0. mu kg 


EXECUTE: (a) F =-+,, Tee = -(1600 m/s) =+80.0N. 
t 


(b) The absence of atmosphere would not coh: the rocket from operating. The rocket could be steered by 
ejecting the gas in a direction with a component perpendicular to the rocket’s velocity and braked by ejecting it in a 
direction parallel (as opposed to antiparallel) to the rocket’s velocity. 

EVALUATE: The thrust depends on the speed of the ejected gas relative to the rocket and on the mass of gas 
ejected per second. 


v dm ; . . 
IDENTIFY: a= are . Assume that dm/dt is constant over the 5.0 s interval, since m doesn’t change much 
m at 
; : : dm 
during that interval. The thrust is F =—v,, PA 
t 


SETUP: Take m to have the constant value 110 kg +70 kg =180 kg. dm/dt is negative since the mass of the 
MMU decreases as gas is ejected. 


EXECUTE: (a) MM a= 180 kg Jo. m/s’) =—0.0106 kg/s . In 5.0 s the mass that is ejected is 
dt Vix 490 m/s 
(0.0106 kg/s)(5.0 s) = 0.053 kg . 
dm 


(b) F = -va = (490 m/s)(-0.0106 kg/s) =5.19 N . 
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8.60. 


8.61. 


8.62. 


8.63. 


EVALUATE: The mass change in the 5.0 s is a very small fraction of the total mass m, so it is accurate to take m 
to be constant. 
IDENTIFY and SETUP: Apply Eq. 8.39: a= ae Solve for dm/dt. 

m at 


EXECUTE: 


oi pik (6000 kg)(25.0 m/s”) 
dt ov. 2000 m/s 


= -75.0 kg/s. 


So in 1 s the rocket must eject 75.0 kg of gas. 

EVALUATE: We have approximated dm/dt by Am/At. We have assumed that 25.0 m/s? is the average 
acceleration for the first second. 

IDENTIFY: Use Eq. 8.39, applied to a finite time interval. Solve for v,- 


SET UP aN ae ; 
t 160 
2 
Execute: ga eA na a ZENS, 2 40x10 m/s=2.40 kns 


me (Be) Ga) 
—/m -— |/m 
At 160 


EVALUATE: The acceleration is proportional to the speed of the exhaust gas and to the rate at which mass is 
ejected. 
IDENTIFY and SET UP: (F,,)At=J relates the impulse J to the average thrust F, . Eq. 8.38 applied to a finite time 


interval gives F, =—v,, an . V= V = Vex in . The remaining mass m after 1.70 s is 0.0133 kg. 
t m 
EXECUTE: (a) F= oe 5.88N. F/F ax = 0.442 . 
At 1.70s 
(b) vx = E =800 m/s. 
—0.0125 kg 
wnat tal” enwan = Ei, 
m 0.0133 kg 


EVALUATE: The acceleration of the rocket is not constant. It increases as the mass remaining decreases. 


Mo 
IDENTIFY: v—v, =v,, In| — |. 
m 


SETUP: v,=0. 


3 
ms | V CLUS ea Sign ag 
v 2100 m/s m 


EVALUATE: Note that the final speed of the rocket is greater than the relative speed of the exhaust gas. 
IDENTIFY and SET UP: Use Eq. 8.40: v-v) =v,, In(m, /m). 


EXECUTE: In 
m 


v, =0 (“fired from rest”), so v/v, = In(m,/m) i 


v 


y | Iv. 
Thus m,/m =e" re 


, or m/m =e" ™ 
If v is the final speed then m is the mass left when all the fuel has been expended; m/m, is the fraction of the 
initial mass that is not fuel. 


(a) EXECUTE: v=1.00x10°c =3.00x10° m/s gives 


> m/s r o 
m/m, = g7 000x10 m/s) /(2000 m/s) = 72 x10 66 : 


EVALUATE: This is clearly not feasible, for so little of the initial mass to not be fuel. 
(b) EXECUTE: v=3000 m/s gives m/m, =e COOmCOM™) = 0,223. 


EVALUATE: 22.3% of the total initial mass not fuel, so 77.7% is fuel; this is possible. 
IDENTIFY: Use the heights to find v,, and v,,, the velocity of the ball just before and just after it strikes the slab. 


Then apply J, = F,At = Ap, . 
SETUP: Let +y be downward. 
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EXECUTE: (a) 4mv’=mgh so v=+,/2gh. 
Vy = +1/2(9.80 m/s”)(2.00 m) = 6.26 m/s. v,, = —,/2(9.80 m/s*)(1.60 m) =—5.60 m/s . 


J, = Ap, =m(v,, —V,,) =(40.0x 10° kg)(—5.60 m/s — 6.26 m/s) = -0.474 kg- m/s. 
The impulse is 0.474 kg- m/s, upward. 


(b) F, = J, saan s e = -237 N . The average force on the ball is 237 N, upward. 

At 200x10% s 
EVALUATE: The upward force on the ball changes the direction of its momentum. 
IDENTIFY: Momentum is conserved in the explosion. At the highest point the velocity of the boulder is zero. 
Since one fragment moves horizontally the other fragment also moves horizontally. Use projectile motion to relate 
the initial horizontal velocity of each fragment to its horizontal displacement. 
SETUP: Use coordinates where +x is north. Since both fragments start at the same height with zero vertical 
component of velocity, the time in the air, ¢, is the same for both. Call the fragments A and B, with A being the one 


that lands to the north. Therefore, m, =3m,. 


EXECUTE: Apply Ff, =P,, to the collision: 0 =m Viy +m,V,, - Vg, = -Tay =-v,./3. Apply projectile motion 
Mz 
(X=) 4 = (x =Xo)p 


and 


to the motion after the collision: x — x, = v, . Since ¢ is the same, 


v 


Ax Bx 


(x= xo) -(2= |e Xo)4 -( =!) Xo); =—(274 m)/3 = -91.3 m . The other fragment lands 91.3 m 


Ax Vax 

directly south of the point of explosion. 

EVALUATE: The fragment that has three times the mass travels one-third as far. 
IDENTIFY: The impulse, force and change in velocity are related by Eq. 8.9 


SETUP: m=w/g =0.0571 kg . Since the force is constant, F = F, . 
EXECUTE: (a) J, =F At =(—380 N)(3.00x10™ s)=—1.14N-s. J, =F,At =(110 N)(3.00x 10° s)=0.330 N:s. 


-1.14 N- J, .330 N- 
(b) v, = ts v, = 5 +20.0 m/s =0.04 m/s . v, =— -v= . à 
© m ` 0.0571 kg m “0.0571 kg 
EVALUATE: The change in velocity Ay is in the same direction as the force, so Av has a negative x component 
and a positive y component. 
IDENTIFY: The horizontal component of the momentum of the system of cars is conserved. 


SETUP: Let +x be the direction the cars are traveling. Each car has mass m. Let v, be the initial speed of the 


+ (—4.0 m/s) =+1.8 m/s. 


three cars. v, = 4v; . Let N be the number of cars in the final collection. 


EXECUTE: P =P. 3m)v,=(Nm)y,. paias us 


Ix 


=15. 


v, v,/5 
EVALUATE: In the complete absence of friction or other external horizontal forces this process of adding cars and 
slowing down continues forever. 

IDENTIFY: P.=p,,+ Pz, and P, = pp + Po. 


SETUP: Let object A be the convertible and object B be the SUV. Let +x be west and +y be south, p,, =0 and 


Pay =0. 
EXECUTE: P. =(8000 kg -m/s)sin 60.0° = 6928 kg -m/s , so pp, = 6928 kg -m/s and 


pea ENS Bae aie 
«2000 kg 

P, = (8000 kg -m/s)cos 60.0° = 4000 kg-m/s, so pp, = 4000 kg-m/s and v, = ae = 2.67 m/s. 
g 


The convertible has speed 2.67 m/s and the SUV has speed 3.46 m/s. 

EVALUATE: Each component of the total momentum arises from a single vehicle. 

IDENTIFY: The total momentum of the system is conserved and is equal to zero, since the pucks are released 
from rest. 

SET Up: Each puck has the same mass m. Let +x be east and +y be north. Let object A be the puck that moves 
west. All three pucks have the same speed v. 
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EXECUTE: P, =P, gives 0=-mv+myv,,+mv,, and v=V,,+Vo,. P 


iy = B,, gives 0= MV p, +MVo, and 


Vp, =—Vo,- Since v, =v, and the y components are equal in magnitude, the x components must also be equal: 


Vee = Va and V=V_, +Ve SAYS Vz, =Vo, =V/2. If vz, is positive then v,, is negative. The angle @ that puck B 


makes with the x axis is given by cos@= ue and @=60° . One puck moves in a direction 60° north of east and 
v 


the other puck moves in a direction 60° south of east. 

EVALUATE: Each component of momentum is separately conserved. 

IDENTIFY: The x and y components of the momentum of the system are conserved. 

Set Up: After the collision the combined object with mass m,,, =0.100 kg moves with velocity ¥,. Solve for 


Vo, and vg. 


EXECUTE: (a) A, =P, gives m,V4. +MgVp_. +NVey = MaYa- 


MV 4. F MGV gy — MoV25 


Mo 


(0.020 kg)(-1.50 m/s) + (0.030 kg)(—0.50 m/s)cos60° — (0.100 kg)(0.50 m/s) 
cd 0.050 kg 


Vo, =1.75 m/s. 


R, =P, gives mV, +MY p, +MVo, = MgyVoy - 


MV yt MgVy,— MoV, _ (0.030 kg)(—0.50 m/s) sin 60° 
©% HE 0.050 kg 


Ç 


(b) ve = vå +v, =1.77 m/s. AK =K,-K,. 

AK =+(0.100 kg)(0.50 m/s)” —[+(0.020 kg)(1.50 m/s)” ++(0.030)(0.50 m/s)? +4(0.050 kg)(1.77 m/s)°] 

AK =-0.092 J. 

EVALUATE: Since there is no horizontal external force the vector momentum of the system is conserved. The 
forces the spheres exert on each other do negative work during the collision and this reduces the kinetic energy of 


the system. 
IDENTIFY: Use a coordinate system attached to the ground. Take the x-axis to be east (along the tracks) and the 


y-axis to be north (parallel to the ground and perpendicular to the tracks). Then P, is conserved and P, is not 


= +0.260 m/s. 


conserved, due to the sideways force exerted by the tracks, the force that keeps the handcar on the tracks. 
(a) SETUP: Let A be the 25.0 kg mass and B be the car (mass 175 kg). After the mass is thrown sideways relative 
to the car it still has the same eastward component of velocity, 5.00 m/s, as it had before it was thrown. 


Va2y = 2.00 m/s 


Vox 5.00 m/s 
y vı = 5.00 m/s 
= 


m, ` 
ma +m oL_] A mf]: B2x 


| x | x 
before after 
Figure 8.70a 


P, is conserved so (m,+m,)v, = MV 42x + MV 50x 
EXECUTE: (200 kg) (5.00 m/s) =(25.0 kg)(5.00 m/s)+(175 kg)v,,, . 


_ 1000 kg-m/s —125 kg -m/s 


Vox =5.00 m/s. 
: 175 kg 


The final velocity of the car is 5.00 m/s, east (unchanged). 

EVALUATE: The thrower exerts a force on the mass in the y-direction and by Newton’s 3rd law the mass exerts 
an equal and opposite force in the —y-direction on the thrower and car. 

(b) SETUP: We are applying P, =constant in coordinates attached to the ground, so we need the final velocity of 
A relative to the ground. Use the relative velocity addition equation. Then use P, = constant to find the final 
velocity of the car. 
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EXECUTE: Vie “Vas Veje 
Vg; = +5.00 m/s 

V4/z =—5.00 m/s (minus since the mass is moving west relative to the car). This gives v,,, = 0; the mass is at rest 
relative to the earth after it is thrown backwards from the car. 

As in part (a), (m,+m,)v,=m 


+M,V 


Vox BY B2x* 


A 


Now v4, =0, so (m, +m); =M5V595- 


vya =| etme |y =| 200 ks (5 00 mvs) =5.71 mis. 
Ms, 175 kg 


The final velocity of the car is 5.71 m/s, east. 
EVALUATE: The thrower exerts a force in the —x-direction so the mass exerts a force on him in the +x-direction 


and he and the car speed up. 
(c) SET Up: Let A be the 25.0 kg mass and B be the car (mass m, = 200 kg). 


y, ‘Bi = 5.00 m/s vy, = 6.00 m/s y v=? 
ae j 2 
[]”s [Jra [] ma +m, 
| F 7 
before after 
Figure 8.70b 


P, is conserved so M,V4,, +MgVp,, = (m; +m, )V, - 


x 


EXECUTE: -,V4,+MgV,, =(m,+M5)V, - 


Maa Mv, _ (200 kg)(5.00 m/s)—(25.0 kg)(6.00 m/s) 


2x =3.78 m/s. 
i mı +m; 200 kg + 25.0 kg 


The final velocity of the car is 3.78 m/s, east. 
EVALUATE: The mass has negative p, so reduces the total P. of the system and the car slows down. 


8.71. IDENTIFY: The horizontal component of the momentum of the sand plus railroad system is conserved. 
SET Up: As the sand leaks out it retains its horizontal velocity of 15.0 m/s. 
EXECUTE: The horizontal component of the momentum of the sand doesn’t change when it leaks out so the 
speed of the railroad car doesn’t change; it remains 15.0 m/s. In Exercise 8.27 the rain is falling vertically and 
initially has no horizontal component of momentum. Its momentum changes as it lands in the freight car. 
Therefore, in order to conserve the horizontal momentum of the system the freight car must slow down. 
EVALUATE: The horizontal momentum of the sand does change when it strikes the ground, due to the force that 
is external to the system of sand plus railroad car. 


8.72. IDENTIFY: Kinetic energy is K = tm? and the magnitude of the momentum is p = mv. The force and the time ¢ 


it acts are related to the change in momentum whereas the force and distance d it acts are related to the change in 
kinetic energy. 

SET Up: Assume the net forces are constant and let the forces and the motion be along the x axis. The impulse- 
momentum theorem then says Ft = Ap and the work-energy theorem says Fd = AK . 


EXECUTE: (a) K, =4(840 kg)(9.0 m/s)’ =3.40x10*J. K, =4(1620kg)(5.0 m/s)? = 2.02 x 10*J . The Nash has 


K 
the greater kinetic energy and F =1.68. 
P 


(b) py = (840 kg)(9.0 m/s) = 7.56 10° kg- m/s. p, =(1620 kg)(5.0 m/s) =8.10x10° kg-m/s. The Packard has 
the greater magnitude of momentum and Pw 0,933. 
Pp 


(c) Since the cars stop the magnitude of the change in momentum equals the initial momentum. Since p, > Py , 


F,>F, and 7" = Ps 9.933. 


Fy Pp 
(d) Since the cars stop the magnitude of the change in kinetic energy equals the initial kinetic energy. Since 
Ky > Kp» Fy, > Fp and Pi Poy 468. 
Ẹ P 


EVALUATE: Ifthe stopping forces were the same, the Packard would have a larger stopping time but would 
travel a shorter distance while stopping. This consistent with it having a smaller initial speed. 
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8.73. IDENTIFY: Use the impulse-momentum theorem to relate the average force on the bullets to their rate of change 
in momentum. By Newton’s third law, the average force the weapon exerts on the bullets is equal in magnitude 
and opposite in direction to the recoil force the bullets exert on the weapon. 

SET Up: Consider a time interval of 1.00 minute. Let +x be the direction of motion of the bullets and use 
coordinated fixed to the ground. The bullets start from rest. 

_ (1000)(7.45x10~ kg)(293 m/s) 


60.0 s 
EVALUATE: The change in momentum for each bullet is small since the mass is small, but over 16 bullets are 
fired per second. 

8.74. IDENTIFY: Find k for the spring from the forces when the frame hangs at rest, use constant acceleration equations 
to find the speed of the putty just before it strikes the frame, apply conservation of momentum to the collision 
between the putty and the frame and then apply conservation of energy to the motion of the frame after the collision. 
SETUP: Use the free-body diagram for the frame when it hangs at rest on the end of the spring to find the force 
constant k of the spring. Let s be the amount the spring is stretched. 


=36.4N. The recoil force is 36.4 N. 


EXECUTE: F „At=Ap gives F, 


ks (the spring 
force) 


mg 


Figure 8.74a 


EXECUTE: X F, =ma,. 
-mg +ks =0. 
_ mg _ (0.150 kg)(9.80 m/s’) 


= = 29.4 N/m. 
s 0.050 m 


SETUP: Next find the speed of the putty when it reaches the frame. The putty falls with acceleration a= g, 


downward. 


Figure 8.74b 


vy, =0 
Y — Yə =0.300 m 


a = +9.80 m/s? 
v=? 


v? =v +2a(y - yo) 


EXECUTE: v= ,/2a(y—y,) = ,f2(9.80 m/s*)(0.300 m) = 2.425 m/s . 


SETUP: Apply conservation of momentum to the collision between the putty (4) and the frame (B): 


y ʻi Yal y , 
= ",,=0 ee 
| x | x 
before after 


Figure 8.74c 


P, is conserved, so =m v =—(m,+mz,)v)- 


EXECUTE: v =| —~4— |v, = aude (2.425 m/s) =1.386 m/s . 
m,+m, 0.350 kg 
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SETUP: Apply conservation of energy to the motion of the frame on the end of the spring after the collision. Let 
point 1 be just after the putty strikes and point 2 be when the frame has its maximum downward displacement. Let 
d be the amount the frame moves downward. 


Figure 8.74d 


When the frame is at position 1 the spring is stretched a distance x, = 0.050 m. When the frame is at position 2 the 
spring is stretched a distance x, = 0.050 m +d. Use coordinates with the y-direction upward and y =0 at the 
lowest point reached by the frame, so that y, =d and y, =0. Work is done on the frame by gravity and by the 
=0, and U =U „ +U 
=K, +U,. 


spring force, so Winer gravity" 


EXECUTE: K +U +W, 


other 


K, =Łmv? =}(0.350 kg)(1.386 m/s}? =0.3362 J. 
ga = Fk; +mgy, = }(29.4 N/m) (0.050 m}? +(0.350 kg)(9.80 m/s*)d . 
U, =0.03675 J +(3.43 N)d . 


U, =U, a +U, ga = 4403 + mgy, =+(29.4 N/m) (0.050 m+d)°. 

U, =0.03675 J +(1.47 N)d +(14.7 N/m) a? . 

Thus 0.3362 J + 0.03675 J + (3.43 N)d =0.03675 J +(1.47 N)d +(14.7 N/m)d’. 
(14.7 N/m)d? - (1.96 N)d -0.3362 J=0. 


d= (1/29.4) 1.96: (1.96) ~4(14.7)(-0.3362) | m = 0.0667 m+0.1653 m. 


The solution we want is a positive (downward) distance, so d = 0.0667 m+0.1653 m = 0.232 m. 

EVALUATE: The collision is inelastic and mechanical energy is lost. Thus the decrease in gravitational potential 
energy is not equal to the increase in potential energy stored in the spring. 

IDENTIFY: Apply conservation of momentum to the collision and conservation of energy to the motion after the 
collision. 


SET Up: Let +x be to the right. The total mass is m = Myo, + Moe = 1-00 kg . The spring has force constant 
_|F[_ 0.750 N 
|x| 0.250107 m 


=300 N/m . Let V be the velocity of the block just after impact. 


EXECUTE: (a) Conservation of energy for the motion after the collision gives K, =U,,. +mV* =+kx’ and 


2 
4 -xÉ -0150 PN a a 
m 1.00 kg 


(b) Conservation of momentum applied to the collision gives munay; = MV . 


mV _ (1.00 kg)(2.60 m/s) 
Myuttet 8.00x 10° kg 


=325 m/s. 


y= 


EVALUATE: The initial kinetic energy of the bullet is 422 J. The energy stored in the spring at maximum 
compression is 3.38 J. Most of the initial mechanical energy of the bullet is dissipated in the collision. 
IDENTIFY: The horizontal components of momentum of the system of bullet plus stone are conserved. The 
collision is elastic if K, = K,. 
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SET Up: Let A be the bullet and B be the stone. 


(a) 
v : 
B2 y- -- = V 
A ; : B2 
, v,, = 350 m/s J FA 
n r =0 @ ıı 
ra) "BI — 
z O vm 
| x | x 
l | ivr) 250 m/s 
Figure 8.76 


EXECUTE: P, is conserved so m,V4,, + MgV gi. = MAV gry + MpVprx + 


M AV 41 = MBVp2x + 


-3 
vaa =| |v, =| EOI KE |(350 ms) = 21.0 ms 
= (m, 0.100 kg 


P, is conserved so m4V4,, +MgVgiy = M4V 42y + MgVp0, - 


0=-m; V + MeV po, « 


3 
Vary =| bgp =| OIE KS (250 mm/s) =15.0 mvs . 
Ung 0.100 kg 


vp = Woon + Vio) = (210 m/s)’ +(15.0 m/s}? =25.8 mis. 


=0.7143; @=35.5° (defined in the sketch). 


Vay _ 15.0 m/s 
Var, 21.0 m/s 


(b) To answer this question compare K, and K, for the system: 


tan 0 = 


= al 211 
K = ym a) 


mpv% =+(6.00 x10 kg)(350 m/s}? = 368 J. 


BY B2 


K, =4m v? +4m,Vj, =4$(6.00 x10 kg)(250 m/s)’ +4(0.100 kg) (25.8 m/s} = 2215. 


AK =K, —K, =221 1-368 J =-147 J. 


EVALUATE: The kinetic energy of the system decreases by 147 J as a result of the collision; the collision is not 


elastic. Momentum is conserved because J Pak =0 and X Fa ,=0. But there are internal forces between the 


bullet and the stone. These forces do negative work that reduces K. 

IDENTIFY: Apply conservation of momentum to the collision between the two people. Apply conservation of 
energy to the motion of the stuntman before the collision and to the entwined people after the collision. 

SETUP: For the motion of the stuntman, y,- y, =5.0 m. Let v, be the magnitude of his horizontal velocity just 
before the collision. Let V be the speed of the entwined people just after the collision. Let d be the distance they 
slide along the floor. 

EXECUTE: (a) Motion before the collision: K, +U, =K, +U,. K,=0 and 4mv; = mg(y, - y»). 


vs = J2g, — y,) = (209.80 m/s?)(5.0 m) =9.90 m/s. 
80.0 kg 
150.0 kg 


(b) Motion after the collision: K, +U,+W, 


other 
2 2 
él V x (5.28 m/s) 257m 
24g 2(0.250)(9.80 m/s”) 
EVALUATE: Mechanical energy is dissipated in the inelastic collision, so the kinetic energy just after the collision 
is less than the initial potential energy of the stuntman. 
IDENTIFY: Apply conservation of energy to the motion before and after the collision and apply conservation of 
momentum to the collision. 
SETUP: Letv be the speed of the mass released at the rim just before it strikes the second mass. Let each object 
have mass m. 


m, 
niam Š aSa 
Collision: M Vs =m,,,V .V = a Vg -| 


Jos m/s) =5.28 m/s . 


tot 


=K,+U, gives +m,,V* — nm,,.gd =0. 


EXECUTE: Conservation of energy says tmv? =mgR; v= J2gR. 
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SETUP: This is speed v, for the collision. Let v, be the speed of the combined object just after the collision. 


EXECUTE: Conservation of momentum applied to the collision gives mv, =2mv, so v, =v,/2=./gR/2 
SET Up: Apply conservation of energy to the motion of the combined object after the collision. Let y, be the 
final height above the bottom of the bowl. 
EXECUTE: 4(2m)v; =(2m)gy,. 
> 1 (gR 

nož- {E)r 

2g 2g\2 
EVALUATE: Mechanical energy is lost in the collision, so the final gravitational potential energy is less than the 
initial gravitational potential energy. 
IDENTIFY: Eqs. 8.24 and 8.25 give the outcome of the elastic collision. Apply conservation of energy to the 


motion of the block after the collision. 
SETUP: Object B is the block, initially at rest. If Z is the length of the wire and @ is the angle it makes with the 


vertical, the height of the block is y = L(1—cos@) . Initially, y, =0. 


i 2 ; . 
EXECUTE: Eq. 8.25 gives v, = Ma V4 -( eu Js. m/s) = 2.50 m/s . Conservation of energy gives 
m +m, M+3M 
v =i (2.50 m/s)” 

2gL 2(9.80 m/s*)(0.500 m) 
EVALUATE: Only a portion of the initial kinetic energy of the ball is transferred to the block in the collision. 
IDENTIFY: Apply conservation of energy to the motion before and after the collision. Apply conservation of 
momentum to the collision. 

SET Up: First consider the motion after the collision. The combined object has mass m,,, = 25.0 kg. Apply 


=0.362 and 0=68.8°. 


+m,v, =m,gL(1—cos6) . cos =1 


SF = mä to the object at the top of the circular loop, where the object has speed v,. The acceleration is 
Ang =V;/R, downward. 


2 
EXECUTE: 7 +mg= mÈ , 
The minimum speed v, for the object not to fall out of the circle is given by setting T =0. This gives v, = 4 Rg, 
where R =3.50 m. 
SETUP: Next, use conservation of energy with point 2 at the bottom of the loop and point 3 at the top of the 
loop. Take y =0 at point 2. Only gravity does work, so K, +U, = K, +U, 
EXECUTE: $.g,.V; =$M oY +M,.8(2R). 


tot 

Use v, = [Rg and solve for v,: v, =45gR =13.1 m/s. 

SETUP: Now apply conservation of momentum to the collision between the dart and the sphere. Let v, be the 

speed of the dart before the collision. 

EXECUTE: (5.00 kg)v, =(25.0 kg)(13.1 m/s) . 

v =65.5 m/s. 

EVALUATE: The collision is inelastic and mechanical energy is removed from the system by the negative work 

done by the forces between the dart and the sphere. 

IDENTIFY: Use Eq. 8.25 to find the speed of the hanging ball just after the collision. Apply YF = ma to find 

the tension in the wire. After the collision the hanging ball moves in an arc of a circle with radius R =1.35 m and 

acceleration a,,,=v'/R. 

SET Up: Let A be the 2.00 kg ball and B be the 8.00 kg ball. For applying SF = mda to the hanging ball, let +y 

be upward, since a,,, is upward. The free-body force diagram for the 8.00 kg ball is given in Figure 8.81. 

2m, 2 2[2.00kg] 
b 


EXECUTE: Vz), -Í Jeo m/s) = 2.00 m/s . Just after the collision the 8.00 kg 


Ma + Mpg 
ball has speed v = 2.00 m/s . Using the free-body diagram, XF, =ma, gives T -mg =ma,,,. 


[2.00 m/s] 
5m 


2 
r =m g+% )= 800 ip (9.80 ms? + Jon. 
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EVALUATE: The tension before the collision is the weight of the ball, 78.4 N. Just after the collision, when the 
ball has started to move, the tension is greater than this. 


y 
T 
f drad 


mg 


Figure 8.81 


8.82. IDENTIFY: The impulse applied to the ball equals its change in momentum. The height of the ball and its speed 
are related by conservation of energy. 
SET Up: Let +y be upward. 


EXECUTE: Applying conservation of energy to the motion of the ball from its height A to the floor gives 
im? =mgh , where v, is its speed just before it hits the floor. Just before it hits, it is traveling downward, so the 


velocity of the ball just before it hits the floor is v,, =—./2gh . Applying conservation of energy to the motion of the 
ball from just after it bounces off the floor with speed v, to its maximum height of 0.904 gives 4mv; = mg(0.90h) . 
It is moving upward, so v,, = +y2g(0.904) . The impulse applied to the ball is J, = p,, — Pi, = M, — Y) = 


m,/22(0.90h) + m,/2gh = 2.76m,/gh . The floor exerts an upward impulse of 2.76m,/ gh to the ball. 


EVALUATE: The impulse increases when m increases and when A increases. The ball does not return to its initial 
height because some mechanical energy is dissipated during the collision with the floor. 

8.83. IDENTIFY: Apply conservation of momentum to the collision between the bullet and the block and apply 
conservation of energy to the motion of the block after the collision. 
(a) SETUP: Collision between the bullet and the block: Let object A be the bullet and object B be the block. 
Apply momentum conservation to find the speed v,, of the block just after the collision. 


Yi vy; = 400 m/s Van =? Vy = 120 m/s 
q= Y= 0 Am 
before i after : 
Figure 8.83a 


EXECUTE: P, is conserved so m,V4,, + MgV gi, = MAV 42x +MgV p>, + 


MV a = IN WV 42 +MgVgp, « 


m, (Vn Yar) _ 4.0010 kg (400 m/s -120 m/s) 


=1.40 m/s. 


Vaox = 


Mz 0.800 kg 
SET Up: Motion of the block after the collision. 
Let point 1 in the motion be just after the collision, where the block has the speed 1.40 m/s calculated above, and 
let point 2 be where the block has come to rest. 
y vı = 1.40 m/s 


0.450 m ———> x 


Figure 8.83b 


K +U, +W, 


other =K, +U, . 

EXECUTE: Work is done on the block by friction, so Wome =W, 
Wn =W, =(f, cosØ)s =—f,8 =—L,mgs, where s =0.450 m 
U, =0, U,=0 


K,=4mv,;, K,=0 (block has come to rest) 


W,. 


Thus +mv; — 4,.mgs =0. 


2 1.40 m/s)” 
pe ( ) 


2 =0.222. 
2gs 2(9.80 m/s? )(0.450 m) 
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(b) For the bullet, 


K, =4mv; =4(4.00x10" kg)(400 m/s)’ =320 J. 


zm 
K, =4mv} =4(4.00x107 kg)(120 m/s} =28.8 J. 


AK =K, —K, =28.8J-320J=-291J. 


The kinetic energy of the bullet decreases by 291 J. 
(c) Immediately after the collision the speed of the block is 1.40 m/s so its kinetic energy is 
K =1mv’ =1(0.800 kg)(1.40 m/s)’ = 0.784 J. 


EVALUATE: The collision is highly inelastic. The bullet loses 291 J of kinetic energy but only 0.784 J is gained 
by the block. But momentum is conserved in the collision. All the momentum lost by the bullet is gained by the 
block. 

IDENTIFY: Apply conservation of momentum to the collision and conservation of energy to the motion of the 
block after the collision. 

SET Up: Let +x be to the right. Let the bullet be A and the block be B. Let V be the velocity of the block just after 
the collision. 


EXECUTE: Motion of block after the collision: K, =U im, V’ =m,gh. 


grav2 * 


V = J2gh =/2(9.80 m/s?)(0.450x10° m) =0.297 m/s . 
Collision: vp, = 0.297 m/s. P, =P,, gives mV 4 = MV 42 + MgVp - 


MV 4, —mM,Yp _ (5.00x10° kg)(450 m/s) — (1.00 kg)(0.297 m/s) 


A Al 


a m 5.00x10° kg 


A 


= 391 m/s. 


v 


EVALUATE: We assume the block moves very little during the time it takes the bullet to pass through it. 


IDENTIFY: Eqs. 8.24 and 8.25 give the outcome of the elastic collision. The value of M where the kinetic energy 
loss K,,,, of the neutron is a maximum satisfies dK,,../dM =0. 

SET Up: Let object A be the neutron and object B be the nucleus. Let the initial speed of the neutron be v} . All 
motion is along the x-axis. K, =4mv‘%,. 


2 2 
m-M m-M 2m°M 4K,mM 
EXECUTE: (a) v,,=———V,,- Ki, =4mv3, +m, =tm| 1 | | v= v =— „as 
(a) v} mM ” loss ~ 2 AL 2" 42 ~ 2 m+M Al (M +m) Al (M +m? 


was to be shown. 


(b) AK oss =4K, l l 2M l = eM =1 and M =m. The incident neutron loses the most 


m ; 
dM (M+my (M+m) M+m 

kinetic energy when the target has the same mass as the neutron. 

(c) When m, =m,, Eq. 8.24 says v}, =0. The final speed of the neutron is zero and the neutron loses all of its 

kinetic energy. 

EVALUATE: When M >>m, Viz, *—Vv,,, and the neutron rebounds with speed almost equal to its initial speed. 


In this case very little kinetic energy is lost; Kss =4K,m/M , which is very small. 


IDENTIFY: Eqs. 8.24 and 8.25 give the outcome of the elastic collision. 
SET Up: Let all the motion be along the x axis. v4, =v. 


m,-m 2m 
EXECUTE: (a) vp, =| —— |v, and v,,, =| ——*— þvo. K= impi. 
m, +m; m a 


$ +m 
2 2 K 2 
Ky =SM Vo, =4m, Ma Ms v= Mams K, and —# = TUER 
mı +m; mı +m; K, m,+m, 
2 
2 4 K 4 
Kp =4 MV2 =m, 2 7 v = ae 7K, and n= MaMa 
M,+M, w +m, K, (m, +m;) 
K K 4 K 5 
b) (i) For m, =m,, 2-0 and £2 2 =1 . (ii) For m,=5m,, — =— and — =_. 
(b) (i) Lee (ii) Bie 5 K 9 
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2 
(c) Equal sharing of the kinetic energy means Mii i ol i es ai ka l : 
mı +My 2 


. . m 
2m’, +2m; —4m,m, =m +2m,m, +m;,. m,—6m,m, +m; =0 . The quadratic formula gives —4 =5.83 or 
m 
B 
m Kazo I 


— =0.172 . We can also verify that these values give =—. 
Mp 1 


EVALUATE: When m, <<m, or when m, >> mp, object A retains almost all of the original kinetic energy. 


IDENTIFY: Apply conservation of energy to the motion of the package before the collision and apply 
conservation of the horizontal component of momentum to the collision. 

(a) SET Up: Apply conservation of energy to the motion of the package from point 1 as it leaves the chute to 
point 2 just before it lands in the cart. Take y=0 at point 2, so y, =4.00 m. Only gravity does work, so 


K,+U,=K,+U,. 


EXECUTE: tmv? +mgy, =4mv;. 


v, =v) +2gy, =9.35 m/s. 


(b) SETUP: In the collision between the package and the cart momentum is conserved in the horizontal direction. 
(But not in the vertical direction, due to the vertical force the floor exerts on the cart.) Take +x to be to the right. 
Let A be the package and B be the cart. 

EXECUTE: P, is constant gives mV j +11,V,, = (m, +m, Vaz- 


Vg =—5-00 m/s. 
V4, = (3.00 m/s)cos37.0° . (The horizontal velocity of the package is constant during its free-fall.) 


Solving for v,, gives v,, =—3.29 m/s. The cart is moving to the left at 3.29 m/s after the package lands in it. 


EVALUATE: The cart is slowed by its collision with the package, whose horizontal component of momentum is in 
the opposite direction to the motion of the cart. 

IDENTIFY: Eqs. 8.24, 8.25, and 8.27 give the outcome of the elastic collision. 

SET Up: The blue puck is object A and the red puck is object B. Let +x be the direction of the initial motion of A. 


Vix = 9.200 m/s, v,,, =0.050 m/s and vp, =0 

EXECUTE: (a) Eq. 8.27 gives Vg, = V42x — Vgix + Vax = 0.250 m/s . 
0.200 m/s 
0.250 m/s 


EVALUATE: We can verify that our results give K, = K, and P, = P,,, as required in an elastic collision. 


J-i) =0.024 kg . 


(b) Eq. 8.25 gives m, =m, [ota -1) = (0.0400 ofal 
Vax 

(a) IDENTIFY and SETUP: = K =4m,v,+4m,V;. 

Use V =V +v and V, =V; +v „ toreplace v, and v, in this equation. Note ¥', and V, as defined in the 


problem are the velocities of A and B in coordinates moving with the center of mass. Note also that 
m,v',+m,¥, = MV. where V! is the velocity of the car in these coordinates. But that’s zero, so 
m,¥', +m,¥, =0; we can use this in the proof. 
In part (b), use that P is conserved in a collision. 

% Ses Lr een 2 SOS ee 
EXECUTE: ¥,=V¥,+¥,,5 SO Vy =Vy FV $2V4y Vom: 


cm? 
ed ye y 2 Sys ae 
Vp =V Voms SO Vg = Vg Vin + 2V5 Vom: 


(We have used that for a vector A, A? =A- A. 


a1 2 1 2 Sna 1 1 
Thus K = Fy + M Von +N V 4 Vem + MgVg + 7M gVeng + IM ZV y Vom + 


cm 


2 2 2 = = 
K =4(m,+m,)Vin 4 (mavi t mvg) + (mv), + mYr) Y 


cm * 


But m, +m, =M Ž and as noted earlier m,v',+m,V, =0, so K = + Mva +m? + mvg ). This is the result the 


problem asked us to derive. 
(b) EVALUATE: In the collision P = M¥,,, is constant, so +Mv¿, stays constant. The asteroids can lose all their 


relative kinetic energy but the +Mv2, must remain. 
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IDENTIFY: Eq. 8.27 describes the elastic collision, with x replaced by y. Speed and height are related by 
conservation of energy. 


SET Up: Let +y be upward. Let A be the large ball and B be the small ball, so v,,, =—v and v,,, =+v . If the 


ly 


large ball has much greater mass than the small ball its speed is changed very little in the collision and v,,,=+v. 


=v-—(-v)+v=+43v. The small ball 


EXECUTE: (a) Va, — V42 =a, — Vary) BEVES Vga, =4+V 49, Vary + Vary 
moves upward with speed 3v after the collision. 
(b) Let h be the height the small ball fell before the collision. Conservation of energy applied to the motion from 
2 
the release point to the floor gives U, = K, and mgh,=tmv’. h = = . Conservation of energy applied to the 
g 
motion of the small ball from immediately after the collision to its maximum height h, (rebound distance) gives 
2 
K, =U, and +m@v)’ =mgh, . h, = ~ =9h, . The ball’s rebound distance is nine times the distance it fell. 
g 
EVALUATE: The mechanical energy gained by the small ball comes from the energy of the large ball. But since 
the large ball’s mass is much larger it can give up this energy with very little decrease in speed. 
IDENTIFY: Apply conservation of momentum to the system consisting of Jack, Jill and the crate. The speed of 
Jack or Jill relative to the ground will be different from 4.00 m/s. 
SETUP: Usean inertial coordinate system attached to the ground. Let +x be the direction in which the people 
jump. Let Jack be object A, Jill be B, and the crate be C. 
EXECUTE: (a) If the final speed of the crate is v, v.,, =—v, and v,,, = Vga; = 4.00 m/s -v . P, =P, gives 


MAV ax + MgV p + McVea =0. (75.0 kg)(4.00 m/s — v) + (45.0 kg)(4.00 m/s —v) + (15.0 kg)(—v) =0 and 


, — (75.0 kg +45.0 kg)(4.00 m/s) 
75.0 kg +45.0 kg +15.0 kg 


=3.56 m/s. 


(b) Let v' be the speed of the crate after Jack jumps. Apply momentum conservation to Jack jumping: 
_ (75.0 kg)(4.00 m/s) 
E 135.0 kg 
conservation to Jill jumping, with v being the final speed of the crate: P, = P,, gives 
(60.0 kg)(—v’) = (45.0 kg)(4.00 m/s —v) + (15.0 kg)(-v). 


(75.0 kg)(4.00 m/s —v’) + (60.0 kg)(—v’) =0 and v’ = 2.22 m/s . Then apply momentum 


,, — (45.0 kg)(4.00 m/s) + (60.0 kg)(2.22 m/s) 


=5.22 m/s. 
60.0 kg 
(c) Repeat the calculation in (b), but now with Jill jumping first. 
Jill jumps: (45.0 kg)(4.00 m/s — v’) + (90.0 kg)(-v’) =0 and v’=1.33 m/s. 
Jack jumps: (90.0 kg)(—v’) = (75.0 kg)(4.00 m/s — v) + (15.0 kg)(-v) . 
ME (75.0 kg)(4.00 m/s) + (90.0 kg)(1.33 m/s) _ 4.66 m/s. 


90.0 kg 


EVALUATE: The final speed of the crate is greater when Jack jumps first, then Jill. In this case Jack leaves with a 
speed of 1.78 m/s relative to the ground, whereas when they both jump simultaneously Jack and Jill each leave 
with a speed of only 0.44 m/s relative to the ground. 

IDENTIFY: Momentum is conserved in the explosion. The total kinetic energy of the two fragments is Q. 
SETUP: Let the final speed of the two fragments be v, and v, . They must move in opposite directions after the 
explosion. 

EXECUTE: (a) Since the initial momentum of the system is zero, conservation of momentum says m,V, =,V, 


2 
m f m m 
= A = íl 241 A 2 1 2 4 j= 
and v- Jv K+K, =0 gives pmi tmd J 4-2. mafio Je: 


B 


K,-£ -Í me Jo. ke=9-K,=9f1 “2 }-[ “ Jo 
+m,/m, m +m, mı +m; m,+m, 


(b) If m, =4m,, then K, = fo and K, = <o . The lighter fragment gets 80% of the energy that is released. 


EVALUATE: If m, =m, the fragments share the energy equally. In the limit that m, >> m}, the lighter fragment 
gets almost all of the released energy. 
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IDENTIFY: Apply conservation of momentum to the system of the neutron and its decay products. 
SET Up: Let the proton be moving in the +x direction with speed v, after the decay. The initial momentum of the 


neutron is zero, so to conserve momentum the electron must be moving in the —x direction after the decay. Let the 
speed of the electron be v,. 


EXECUTE: Ff, =P, gives 0=m,v,—m,v, and v, = (2) v, . The total kinetic energy after the decay is 


m, 
m > m 
Ky =ZMVe 4 zm a bm 2e) v ! zm V = impii e) 
K, 1 1 ¥ 
Thus, = = =5.44x107 =0.0544% . 
Kœ 1+m,/m, 1+1836 


EVALUATE: Most of the released energy goes to the electron, since it is much lighter than the proton. 
IDENTIFY: Momentum is conserved in the decay. The results of Problem 8.92 give the kinetic energy of each 
fragment. 


SET Up: Let A be the alpha particle and let B be the radium nucleus, so m,/m, =0.0176. Q =6.54x10™" J. 


13 
EXECUTE: K,= eri T 26.43x10” J and K,=0.11x10" J. 
l+m,/m,  1+0.0176 


EVALUATE: The lighter particle receives most of the released energy. 
IDENTIFY: The momentum of the system is conserved. 
SET Up: Let +x be to the right. P, =0. Pa» p,,and p,,, are the momenta of the electron, polonium nucleus and 


antineutrino, respectively. 

EXECUTE: F, =P, gives Pa + Pay + Pane =9+ Pany =—(Per + Pos)» 

Pax = (5.6010 kg -m/s +[3.50x 10 kg][-1.14x10° m/s]) =-1.66x10 kg-m/s. 

The antineutrino has momentum to the left with magnitude 1.66x10 kg -m/s . 

EVALUATE: The antineutrino interacts very weakly with matter and most easily shows its presence by the 
momentum it carries away. 

IDENTIFY: Momentum components in the x and y directions are separately conserved. For an elastic collision 
K,=K,. 

SETUP: Var =+V 415 Vary =O. Vas =V 47 COSA, Vay, =V SİNA . Vay = Vp 7 COSA, Vga, =—Vp SING. 

sin’ @+cos’@=1, for any angle @. cos(a + 2) = cosacos $ -sinasin £ . 

EXECUTE: (a) P, =P, gives m,V4,=Mm4V4,CoSa+M,V,, COS f. 

P, =P, gives 0=m,v, sina —mgv,,sin 2 . 

(b) miv =m{v7, cos’ @+miVv,, cos? 3+ 2M MV V_,,cosacosB and 

0=m?v} sin? æ +m?v} sin? B-2m,m,V,V,.Sinasin 2 . Adding these two equations and using the trig identities in 
the SET UP step gives mv), = m?V + M3V33 + 2m MV Vp COS(@ + f). 


+m,V;» - The result in part (b) agrees with this expression only if 


(© K, =K, says mvh =4m,V7,4 
cos(a + B) =0. This requires that a + 2 = 90° =5 rad . 


EVALUATE: The result of part (c) says that the two protons move in perpendicular directions after the collision. 
IDENTIFY and SET UP: 


kd y 


ae | | 
v4, = 15.0 m/s =0 A - 25.0 
O ras Alx 
x | X 
A B 
after 
before 


Figure 8.97 


P, and P, are conserved in the collision since there is no external horizontal force. 
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The result of Problem 8.96 part (d) applies here since the collision is elastic This says that 25.0°+ 6, =90°, so that 
6, =65.0°. (A and B move off in perpendicular directions.) 
EXECUTE: P, is conserved so m,V4,, + MgV 4, = MV gry + MgV pox + 


x 


ome z o o 
But m, =m, SO V4, = V42 COS25.0° + vp, cos65.0° . 


P, is conserved so m,V4,, + mMgVg 


, =M Vay +MgVpay- 


ly 
O= Viz Vez. 

— i o i ° 
0 =v sin25.0° — vp, sin 65.0° . 


Vp = (sin 25.0°/sin 65.0°)v 4, . 


: . ee in25.0° .0° 
This result in the first equation gives v,, =v,,cos25.0° + (= ee Z 


sin 65.0° 

V4, =1.103v,,. 

Van =V4,/1.103 = (15.0 m/s)/1.103 =13.6 m/s. 

And then v,, =(sin25.0°/sin 65.0°)(13.6 m/s) = 6.34 m/s. 

EVALUATE: We can use our numerical results to show that K, = K, and that A, =P,, and R, =P, 


IDENTIFY: Since there is no friction, the horizontal component of momentum of the system of Jonathan, Jane and 
the sleigh is conserved. 
SET Up: Let +x be to the right. w, =800 N, w, =600 N and w, =1000N. 


; MIV gry + Mgv WV gax + Wav 
. = = Ea At A2x BY B2x _ “A” A2x BY B2x 
EXECUTE: P, =P, gives 0=m,V 4), +MgVgo. +MeVor, + Very = = : 


Me We 
_ (800 N)(-{5.00 m/s]cos30.0°) + (600 N)(+[7.00 m/s]cos36.9°) _ 
1000 N 


0.105 m/s. 


C2x 


The sleigh’s velocity is 0.105 m/s, to the left. 

EVALUATE: The vertical component of the momentum of the system consisting of the two people and the sleigh 
is not conserved, because of the net force exerted on the sleigh by the ice while they jump. 

IDENTIFY: In Eq. 8.28 treat each straight piece as an object in the system. 

SETUP: The center of mass of each piece of length L is at its center. 

EXECUTE: (a) From symmetry, the center of mass is on the vertical axis, a distance (L/2)cos(a@/2) below the 
apex. 

(b) The center of mass is on the vertical axis of symmetry, a distance 2(L/2)/3=L/3 above the center of the 
horizontal segment. 

(c) Using the wire frame as a coordinate system, the coordinates of the center of mass are equal and each is equal 


to (L/2)/2=L/4. The center of mass is along the bisector of the angle, a distance L/\8 from the corner. 


(d) By symmetry, the center of mass is at the center of the equilateral triangle, a distance (L/3)sin 60° = L/ J12 
above the center of the horizontal segment. 

EVALUATE: The center of mass need not lie on any point of the object, it can be in empty space. 

IDENTIFY: There is no net horizontal external force so v,,, is constant. 

SET Up: Let +x be to the right, with the origin at the initial position of the left-hand end of the canoe. 

m, =45.0 kg, m, = 60.0 kg . The center of mass of the canoe is at its center. 


re a mX + MyX 
EXECUTE: Initially, v,,, =0, so the center of mass doesn’t move. Initially, x „, =—*“1__# . After she 
m, +m; 
MX 4. + MgX . : 
walks, Xen) =~? 4 .. Xo E Xon gives MX, +M,X_, = MX, +M,X,, . She walks to a point 1.00 m from 
m,+m 
A B 


the right-hand end of the canoe, so she is 1.50 m to the right of the center of mass of the canoe and 
Xa =Xp_,t1.50m. 


(45.0 kg)(1.00 m) + (60.0 kg)(2.50 m) = (45.0 kg)(x,, +1.50 m) + (60.0 kg)x,, - 


(105.0 kg)x,, =127.5kg-m and x,,=1.21m. x,,—x,, =1.21 m -2.50 m=-1.29 m . The canoe moves 1.29 m 
to the left. 
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EVALUATE: When the woman walks to the right, the canoe moves to the left. The woman walks 3.00 m to the 
right relative to the canoe and the canoe moves 1.29 m to the left, so she moves 3.00 m—1.29 m=1.71 m to the 
right relative to the water. Note that this distance is (60.0 kg/45.0 kg)(1.29 m) . 

IDENTIFY: Take as the system you and the slab. There is no horizontal force, so horizontal momentum is 
conserved. By Eq. 8.32, P is constant ¥,,, is constant (for a system of constant mass). Use coordinates fixed to 


the ice, with the direction you walk as the x-direction. ¥,,, is constant and initially v,, =0. 


Figure 8.101 


Va =—(m, /m, )v,,. =—(m, /Sm, )2.00 m/s = -0.400 m/s. 


s 
The slab moves at 0.400 m/s, in the direction opposite to the direction you are walking. 

EVALUATE: The initial momentum of the system is zero. You gain momentum in the +x-direction so the slab 
gains momentum in the —x-direction. The slab exerts a force on you in the +x-direction so you exert a force on 
the slab in the —x-direction. 

IDENTIFY: Conservation of x and y components of momentum applies to the collision. At the highest point of the 
trajectory the vertical component of the velocity of the projectile is zero. 

SET Up: Let +y be upward and +x be horizontal and to the right. Let the two fragments be A and B, each with 
mass m. For the projectile before the explosion and the fragments after the explosion. a, =0, a, =—9.80 m/s’. 


EXECUTE: (a) v = Voy +2a,(y—y,) with v, =0 gives that the maximum height of the projectile is 


2 : 0\2 
pe USUN in ie 0). 244.9 m . Just before the explosion the projectile is moving to the right with 


2a 2(-9.80 m/s’) 


y 


horizontal velocity v, =v), =v) cos60.0° = 40.0 m/s . After the explosion v, =0 since fragment A falls vertically. 
Conservation of momentum applied to the explosion gives (2m)(40.0 m/s) = mvp, and v, =80.0 m/s . Fragment B 


has zero initial vertical velocity so y— yy = Vot + lat gives a time of fall of 


t= on = | ake m) = 7.07 s . During this time the fragment travels horizontally a distance 
a —9.80 m/s 


(80.0 m/s)(7.07 s) =566 m. It also took the projectile 7.07 s to travel from launch to maximum height and during 
this time it travels a horizontal distance of ([80.0 m/s]cos60.0°)(7.07 s) = 283 m. The second fragment lands 

283 m+566 m=849 m from the firing point. 

(b) For the explosion, K, = +(20.0 kg)(40.0 m/s)’ =1.60x10* J. K, =4(10.0 kg)(80.0 m/s)” =3.20x10* J . The 
energy released in the explosion is 1.60x10* J. 

EVALUATE: The kinetic energy of the projectile just after it is launched is 6.40x10* J . We can calculate the 
speed of each fragment just before it strikes the ground and verify that the total kinetic energy of the fragments just 
before they strike the ground is 6.40x10* J +1.60x10* J=8.00x10* J . Fragment A has speed 69.3 m/s just before 
it strikes the ground, and hence has kinetic energy 2.40x10* J . Fragment B has speed 

(80.0 m/s)? + (69.3 m/s)” = 105.8 m/s just before it strikes the ground, and hence has kinetic energy 5.60x10* J. 


2 
Also, the center of mass of the system has the same horizontal range R = ~0 sin(2ar,) =565 m that the projectile 
g 


would have had if no explosion had occurred. One fragment lands at R/2 so the other, equal mass fragment lands 
at a distance 3R/2 from the launch point. 

IDENTIFY: The rocket moves in projectile motion before the explosion and its fragments move in projectile 
motion after the explosion. Apply conservation of energy and conservation of momentum to the explosion. 
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SET Up: Apply conservation of energy to the explosion. Just before the explosion the shell is at its maximum 
height and has zero kinetic energy. Let A be the piece with mass 1.40 kg and B be the piece with mass 0.28 kg. Let 
v, and v, be the speeds of the two pieces immediately after the collision. 

EXECUTE: 4m,v,+4+m,v;, =860 J 

SET Up: Since the two fragments reach the ground at the same time, their velocities just after the explosion must 
be horizontal. The initial momentum of the shell before the explosion is zero, so after the explosion the pieces must 
be moving in opposite horizontal directions and have equal magnitude of momentum: m,v, =m,V,. 


EXECUTE: Use this to eliminate v, in the first equation and solve for v,: 
4m,v;(1+m,/m,)=860 J and v, =71.6 m/s. 


Then v,=(m,/m,)v, =14.3 m/s. 


(b) SETUP: Use the vertical motion from the maximum height to the ground to find the time it takes the pieces to 
fall to the ground after the explosion. Take +y downward. 


W, =0, a, =+9.80 m/s’, y—y, =80.0m, t=? 


EXECUTE: y- yY =V t+ lat gives t = 4.04 s. 
During this time the horizontal distance each piece moves is x, = v,t = 57.8 m and x, =v,t =289.1 m. They move 


in opposite directions, so they are x} +x, =347 m apart when they land. 
EVALUATE: Fragment A has more mass so it is moving slower right after the collision, and it travels horizontally 
a smaller distance as it falls to the ground. 
IDENTIFY: Apply conservation of momentum to the collision. At the highest point of its trajectory the shell is 
moving horizontally. If one fragment received some upward momentum in the collision, the other fragment would 
have had to receive a downward component. Since they each the ground at the same time, each must have zero 
vertical velocity immediately after the explosion. 
SET Up: Let +x be horizontal, along the initial direction of motion of the projectile and let +y be upward. At its 
maximum height the projectile has v, = v,cos55.0° = 86.0 m/s . Let the heavier fragment be A and the lighter 
fragment be B. m, =9.00 kg and m, =3.00 kg. 
EXECUTE: Since fragment A returns to the launch point, immediately after the explosion it has v,, =—86.0 m/s . 
Conservation of momentum applied to the explosion gives 
(12.0 kg)(86.0 m/s) = (9.00 kg)(—86.0 m/s) + (3.00 kg)v,, and v,, =602 m/s . The horizontal range of the 

2 
projectile, if no explosion occurred, would be R = "0 sin(2a,) = 2157 m. The horizontal distance each fragment 


travels is proportional to its initial speed and the heavier fragment travels a horizontal distance R/2=1078 m after 

the explosion, so the lighter fragment travels a horizontal distance (oe \a078 m) = 7546 m from the point of 
m 

explosion and 1078 m+ 7546 m = 8624 m from the launch point. The energy released in the explosion is 

K, —K, =+(9.00 kg)(86.0 m/s)” +4(3.00 kg)(602 m/s)’ —4(12.0 kg)(86.0 m/s)’ =5.33x10° J. 

EVALUATE: The center of mass of the system has the same horizontal range R = 2157 m as if the explosion 

didn’t occur. This gives (12.0 kg)(2157 m) =(9.00 kg)(0) + (3.00 kg)d and d =8630 m, where d is the distance 

from the launch point to where the lighter fragment lands. This agrees with our calculation. 


IDENTIFY: No external force, so P is conserved in the collision. 
SET Up: Apply momentum conservation in the x and y directions: 


ener: 
Vfsin 10 
m 


$ after m(_)_ _ Y2cos 30° 


before 30° ‘| 


v sin 30° _ œ> l 


Figure 8.105 


Solve for v, and v,. 
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EXECUTE: P, is conserved so my, = m(v,cos45° + v, cos10° + v, cos30°) . 

Vy — vp cos10° = v, cos 45° + v, cos30° . 

1030.4 m/s = v, cos 45° + v, cos30° . 

P, is conserved so 0 = m/(v,sin 45° — v, sin30° + v, sin10°) . 

y,sin45° = v, sin 30° — 347.3 m/s . 

sin45° =cos45° so 

1030.4 m/s = v, sin 30° — 347.3 m/s + v, cos30°. 

TE 1030.4 m/s +347.3 m/s 
sin30° + cos30.0° 

v, sin30° —347.3 m/s 
sin 45° 

The speeds of the Ba and Kr nuclei are related by P. conservation. 


=1010 m/s. 


And then v, = 


= 223 m/s. Then two emitted neutrons have speeds of 223 m/s and 1010 m/s. 


P, is constant implies that 0 = Mp, Vga — Mg:Vgr 


—25 
Vege = (= Ji = a), =1.5v,,. 


ki 1.5x10 kg 
We can’t say what these speeds are but they must satisfy this relation. The value of v,, depends on energy 


considerations. 


EVALUATE: K, = 4m, (3.0x10° m/s) =(4.5x10° Jhkg)m,. 


K, =4m, (2.0x10° m/s) +4m, (223 m/s) +4m, (1010 m/s)’ + Kpa + Kg: =(2.5x10° Ikg)m, + Ky, + Kg. 


We don’t know what Kp, and K,, are, but they are positive. We will study such nuclear reactions further in 


Chapter 43 and will find that energy is released in this process; K, > K,. Some of the potential energy stored in the 


3SU nucleus is released as kinetic energy and shared by the collision fragments. 


8.106. IDENTIFY: The velocity of the center of mass of the system of the two blocks is given by Eq. 8.30. Conservation 
of momentum says the center of mass moves at constant speed. 
SETUP: vy, =V4, Vg =9. The velocity i in the center of mass frame is related to the velocity v in the 
2 
stationary frame by uw =v —Vv,,. We can express kinetic energy as K = = 
m 


y 

EXECUTE: (a) Vn, =—““ 

A B 
(b) The center of mass moves with constant speed so this coordinate system is an inertial frame. 

Mav mv : 
(©) Way = Va — Vem = + Mate = Vais Z Vems = — - In this frame A, =m ug, + mgly,, =0. 
m,+m, m,+m, 

(d) P, =F, =0 gives pay + Paix =9 and pyr, + Pra =9,80 Pgiy=—Pary ANd Peas =—P42, - Conservation of 


x 


2 2 2 2 
Pars , Pox _ Pax , Paix 
= H 
2m, 2m, 2m, 2m, 


Pox =tP,- Ifa collision occurs p,, changes and p,,,=—p,,. But Ppor =- Pa and Pp, = Pa > SO 


kinetic energy gives . Using Ppor =—Pyr, and Pz, =— Pa gives Dos = Pi and 


Pr2x =— Ppi, - In the center of mass frame the momentum and hence the velocity of each puck keeps the same 


magnitude and reverses direction. 


(e) Vans = DAUE (6.00 m/s) = 4.00 m/s. u 4x = 6.00 m/s —4.00 m/s = 2.00 m/s . 
“(0.600 kg i 


Ugi, = 0- 4.00 m/s = -4.00 m/s. u42, =—2.00 m/s and u,,, = +4.00 m/s. 

Vizy = Ugay + Vem = —2-00 m/s +4.00 m/s = 2.00 m/s. Vz, = Ugay + Vems = 4-00 m/s +4.00 m/s =8.00 m/s . 
0.400 kg — 0.200 kg 
0.400 kg + 0.200 kg 


2 2[0.400 kg] 
42 | 0.400 kg + 0.200 kg 


Eq. 8.24 says v}, = (6.00 m/s) = 2.00 m/s . Eq. 8.25 says 
A2x 


Jeo m/s) = 8.00 m/s . Our result agrees with Eqs. 8.24 and 8.25. 
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8.107. 


8.108. 


8.109. 


EVALUATE: Eqs. 8.24 and 8.25 apply only when v,, =0. The result that the velocity of each puck in the center 


of mass frame reverses direction and retains the same magnitude applies to all elastic collisions, even when both 
are moving initially. 

IDENTIFY and SET UP: Apply conservation of energy to find the total energy before and after the collision with 
the floor from the initial and final maximum heights. 

EXECUTE: (a) Objects stick together says that the relative speed after the collision is zero, so €= 0. 

(b) In an elastic collision the relative velocity of the two bodies has the same magnitude before and after the 
collision, so € =1. 


(c) Speed of ball just before collision: mgh=4my; . 


v, =/2gh 


Speed of ball just after collision: mgH, =+mv3 . 


w= Der 

The second object (the surface) is stationary, so € =v, /v, = JH,/h. 

(d) «=,/H,/h implies H, = he? =(1.2 m)(0.85)’ =0.87 m . 

(e) H,=he’. 

H, = Hye’ =he’*. 

H,=H,€ = (he*)e? = he’. 

Generalize to H, = H, € = hee = he” . 

(£) 8th bounce implies n=8. 

H, = he =1.2 m(0.85)“ = 0.089 m . 

EVALUATE: € is a measure of the kinetic energy lost in the collision. The collision here is between a ball and the 
earth. Momentum lost by the ball is gained by the earth, but the velocity gained by the earth is very small and can 
be taken to be zero. 

IDENTIFY: Momentum is conserved in the collision. Conservation of energy says K,=K,+A. 


SET Up: For part (b) let v, be the common speed of each atom before the collision and let V and ¥, be the 


velocities after the collision of the molecule and the atom that remains. m =1.67x10~” 


kg is the mass of one 
hydrogen atom. 


EXECUTE: (a) In the center of mass frame P, =0 so P,, =0 and Vw =0. But in this frame the potential energy 


2 
=F Mg Vem =0. 


decreases and the kinetic energy increases. This is inconsistent with K a ee 


2cm 


(b) Before the collision v,,, = 0 . After the collision the molecule and remaining atom move in opposite directions 


and (2m) = mv, ; v, =2V . Conservation of energy gives +(2m\V ° +4mv; =3(4my,)’ +A. With v, =2V this 


7.23x10 J 


————_— =1.20x10f m/s and v, = 2V =2.40x10* m/s . 
3(1.67 x10) 


becomes V? =4y5 = JV = |s.00%10 m/s)’ + 
m 


EVALUATE: K= 3(4mvy; ) =2.50x107' J , which is much less than the binding energy of the molecule. Other 


initial conditions also lead to molecule formation; the one of zero initial momentum is just particularly simple to 
analyze. 

IDENTIFY: Apply conservation of energy to the motion of the wagon before the collision. After the collision the 
combined object moves with constant speed on the level ground. In the collision the horizontal component of 
momentum is conserved. 

SET Up: Let the wagon be object A and treat the two people together as object B. Let +x be horizontal and to the 
right. Let V be the speed of the combined object after the collision. 

EXECUTE: (a) The speed v,, of the wagon just before the collision is given by conservation of energy applied to 


the motion of the wagon prior to the collision. U, =K, says m,g([{50 m][sin6.0°]) =4m,v,. va =10.12 m/s. 
300 kg 

300 kg + 75.0 kg + 60.0 kg 

In 5.0 s the wagon travels (6.98 m/s)(5.0 s) =34.9 m, and the people will have time to jump out of the wagon 


P= P,, for the collision says m,v,,=(m,+m,)V and V -| Jao. m/s) = 6.98 m/s . 


before it reaches the edge of the cliff. 
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8.110. 


8.111. 


8.112. 


(b) For the wagon, K, =+(300 kg)(10.12 m/s)” =1.54x10* J. Assume that the two heroes drop from a small 
height, so their kinetic energy just before the wagon can be neglected compared to K, of the wagon. 


K, =+(435 kg)(6.98 m/s)? =1.06x10* J . The kinetic energy of the system decreases by K,- K, =4.8x10° J. 


EVALUATE: The wagon slows down when the two heroes drop into it. The mass that is moving horizontally 
increases, so the speed decreases to maintain the same horizontal momentum. In the collision the vertical 
momentum is not conserved, because of the net external force due to the ground. 

IDENTIFY: Gravity gives a downward external force of magnitude mg. The impulse of this force equals the 
change in momentum of the rocket. 

SET Up: Let +y be upward. Consider an infinitesimal time interval dt. In Example 8.15, v,. = 2400 m/s and 


am’ 2h . In Example 8.16, m=m,/4 after t=90 s. 

dt 120 s 
EXECUTE: (a) The impulse-momentum theorem gives —mgdt = (m + dm)(v + dv) +(dm)(v-v,,)—mv . This 
simplifies to -mgdt = mdv +v „dm and n? = -Va a -mg. 


dv__V.x dm 


b) a=— —- 

Oe dt m dt 

(c) At t=0, gana yA m|- l )-9.80 m/s? =10.2 m/s’. 
m 120 s 


(d) dv= -Yx dm — gdt . Integrating gives v—v, =+v,, In “0 —gt. v,=0 and 
m m 


v = +(2400 m/s)In4 —(9.80 m/s’ )(90 s) = 2445 m/s. 
EVALUATE: Both the initial acceleration in Example 8.15 and the final speed of the rocket in Example 8.16 are 
reduced by the presence of gravity. 
IDENTIFY and SET UP: Apply Eq. 8.40 to the single-stage rocket and to each stage of the two-stage rocket. 
(a) EXECUTE: v-v =v„ln(m/m); v =0 so v=v,,In(m,/m) 
The total initial mass of the rocket is m, =12,000 kg + 1000 kg =13,000 kg. Of this, 9000 kg + 700 kg = 9700 kg 
is fuel, so the mass m left after all the fuel is burned is 13,000 kg —9700 kg = 3300 kg. 

v =v In(13,000 kg/3300 kg) =1.37»,, . 
(b) First stage: v = v,, In(m,/m) 
m, = 13,000 kg 
The first stage has 9000 kg of fuel, so the mass left after the first stage fuel has burned is 
13,000 kg —9000 kg = 4000 kg. 

v = va In(13,000 kg/4000 kg) =1.18y,, . 
(c) Second stage: m, =1000 kg, m=1000 kg —700 kg =300 kg. 

v=v +¥,, In(m,/m) =1.18v,, +V In(1000 kg/300 kg) = 2.38v,, . 
(d) v=7.00 km/s 
Vx, =v/2.38 =(7.00 km/s)/2.38 = 2.94 km/s . q 

EVALUATE: The two-stage rocket achieves a greater final speed because it jetisons the left-over mass of the first 
stage before the second-state fires and this reduces the final m and increases m,/m. 


IDENTIFY: During an interval where the mass is constant the speed of the rocket is constant. During an interval 
where the mass is changing at a constant rate, the equations of Section 8.6 apply. 
SETUP: For 0<¢<90s, = = A . From Example 8.15, v „ =2400 m/s. 

t S 


EXECUTE: (a) For ¢<0, v=0.For 0<t<90s, Eq. 8.40 says v= (2400 m/s)In4 =3327 m/s. For t>90s,v 
has the constant value 3327 m/s. The graph of v(t) is given in Fig. 8.112a. 


2 
(b) For 0<¢<90 s , Eq. 8.39 gives a= di z 2100 mn | ea )- ZUS ; 
m dt m(i—ti[l20s)\ 120s) 1-r/[120 s] 


(as in Example 8.15) and a=80 m/s? at t=90 s. For t>90s, a=0 . The graph of a(t) is given in Fig. 8.112b. 
(c) The astronaut has the same acceleration as the rocket. This is maximum at t =90 s and 


F ax =m =(75 kg)(80 m/s’) =6.0x10° N . This is 8.2 times her weight on earth, since a 


max astronaut a max 


a=20 m/s? at t=0 


is 8.2 times g. 


max 
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REN ; dm ; 
EVALUATE: The acceleration increases because the mass decreases while the thrust F =—v,, ae remains constant. 
t 


a (m/s?) 

— 100 
re 
w y 
ao e ee A ee r 
7 oo ee ea i 

oo 20 40 60 80 10 120 ° 9 20 40 60 80 100 120°” 

(a) E 


Figure 8.112 
8.113. IDENTIFY and SETUP: dm= pdV . dV = Adx . Since the thin rod lies along the x axis, y,,, =0 . The mass of the 


rod is given by M = fam $ 


2 
EXECUTE: (a) Xm = Lf “xdm = Laf “rdx = pir. . The volume of the rod is AL and M = pAL. 
M?? M °° M 2 
pAL i ee gtk ; i ; 
Xem = as The center of mass of the uniform rod is at its geometrical center, midway between its ends. 
P 


aAL 


E l pe _ l pe _ Aa Ly 2 o B L Z 
(b) Xom =z xdm =I sae y oo dx M =fdm=Ĵ; pådx=aAĵ xdx =a Therefore, 


AaL 2 2L 
Xem E = . 
3 aALV 3 


EVALUATE: When the density increases with x, the center of mass is to the right of the center of the rod. 


_ Aal 
a 


cm 


8.114. IDENTIFY: x,,, = L fram and Yon = T [vam At the upper surface of the plate, y? +x? =a’. 


SET Up: To find x 
divide the plate into thin strips parallel to the x-axis as shown in Fig. 8.114b. The plate has volume one-half that of 
a circular disk, so V =47a°t and M =+} pra’t. 


divide the plate into thin strips parallel to the y-axis, as shown in Fig. 8.114a. To find y,,,, 


cm ? 


EXECUTE: In Fig.114a each strip has length y= Va? —x*. Xn = — fxd, where dm = ptydx = pty a° — x’ dx. 
Xom = an xva’ —x’dx =0, since the integrand is an odd function of x. x,,, =0 because of symmetry. In 
Fig.114b each strip has length 2x =2,a*-y*. Ya = <I xd, where dm = 2ptxdy = 2 pta? — y’ dy. 


Yem = =P Eyfa? — y°dy . The integral can be evaluated using u =a’ —y*, du =—2ydy . This substitution gives 


3 3 
han i fou" du = 77 - 2 pta 2 _4a 
M\ 2)" 3M 3 prat) 3m 


4 ; ; ; 
EVALUATE: —=0.424. ym is less than a/2, as expected, since the plate becomes wider as y decreases. 


3m 
y y 
dy 
<— 
y 
xX | y x 
kK 2x 
(a) (b) 


Figure 8.114 
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8.115. 


8.116. 


IDENTIFY: The work is related to the force by W = f ” Fdx . The force the person must apply equals the weight of 


the hanging portion. Since the rope is uniform, the center of mass of the hanging portion is at its geometrical 
center. 

SET Up: Lety be the length of the rope hanging over the edge and use coordinates where the origin is at the edge 
of the table and +y is downward. When the rope is pulled onto the table, y goes from //4 to zero. A length y of the 


rope has mass Ay . 

EXECUTE: (a) When a length y hangs over the edge, the person must apply an upward force 

F = ge A EE a 
, =m) =-4y8 . W =| E0 =- yo =F 


(b) Initially, y,,, =//8. The work done to raise an object of mass M a distance y,,, is W =Mgy,,, . 


2 
rE 
4 8 32 


EVALUATE: The answers from methods (a) and (b) agree. The change in gravitational potential energy of the 
rope can be calculated by considering all its mass acting at its center of mass, and the work done by the person 
equals the increase in gravitational potential energy of the rope. 

IDENTIFY: From our analysis of motion with constant acceleration, if v=at and a is constant, then 


= lgt? 
X— Xy =Voltzat. 


SETUp: Take v,=0, x, =0 and let +x downward. 


dv Doe OEE dv : 
EXECUTE: (a) ras a, v=at and x=+at’ . Substituting into xg = eaS v? gives 
t t 


Lat’ g =tat’a+a°t =4a°t’ . The nonzero solution is a=g/3. 


(b) x =4at? =}gr =1(9.80 m/s?)(3.00 s)? =14.7 m. 
(c) m = kx = (2.00 g/m)(14.7 m) = 29.4 g. 


EVALUATE: The acceleration is less than g because the small water droplets are initially at rest, before they 
adhere to the falling drop. The small droplets are suspended by buoyant forces that we ignore for the raindrops. 
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9.1. 


9.2. 


9.3. 


9.4. 


IDENTIFY: s=r@ ,with @ in radians. 
SETUP: z rad=180°. 


Execute: (a) @=5=122™ -0.600 rad =34.4° 
r 250m 
(b) r=" ae =6.27 cm 


0 (128°)(z rad/180°) 
(c) s =r0 = (1.50 m)(0.700 rad) =1.05 m 

EVALUATE: An angle is the ratio of two lengths and is dimensionless. But, when s = 70 is used, @ must be in 
radians. Or, if 0 =s/r is used to calculate 0, the calculation gives @ in radians. 

IDENTIFY: 0-6, =at, since the angular velocity is constant. 

SETUP: 11pm =(277/60) rad/s . 

EXECUTE: (a) @=(1900)(2z rad/60 s) =199 rad/s 


_ 0-0 _ 0.611 rad 


(b) 35° =(35°)(7/180°) = 0.611 rad. t =3.1x107 s 


a) 199 rad/s 
EVALUATE: In t= = we must use the same angular measure (radians, degrees or revolutions) for both 
d-6, and ø. 
IDENTIFY: @_(t)= = . Writing Eq.(2.16) in terms of angular quantities gives 0-0 = L odt. 
SET UP: £r =nt"" and feat = il 


EXECUTE: (a) A must have units of rad/s and B must have units of rad/s’. 
(b) @,(t) =2Bt = (3.00 rad/s*)t . (i) For t=0, a, =0. (ii) For t =5.00 s, a, =15.0 rad/s’. 


(c) 0-0, =|" (A+ Bt’ )dt = A(t, -t,) ++ B(G -t}). For t =O and t, =2.00s, 


0, — 0, =(2.75 rad/s)(2.00 s) +4(1.50 rad/s*)(2.00 s} =9.50 rad . 
EVALUATE: Both a, and œ, are positive and the angular speed is increasing. 
Ao, 


IDENTIFY: a@,=da,/dt. Ays N 
t 


SET UP: S = 2; 
dt 


EXECUTE: (a) a(t) =O =-2ft =(-1.60 rad/s*). 
t 


(b) a,(3.0 s)= (-1.60 rad/s*)(3.0 s) =—4.80 rad/s”, 
_ œ (3.0 s) — w,(0) _ -2.20 rad/s—5.00 rad/s _ 
a 3.0 s 3.0 s 
which is half as large (in magnitude) as the acceleration at t = 3.0 s. 
_ a,(0)+a,(3.0 s) 
2 


2.40 rad/s”, 


EVALUATE: @,(t) increases linearly with time, so @,,,. . a(0)=0. 
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9.5. 


9.6. 


9.7. 


9.8. 


IDENTIFY and SET Up: Use Eq.(9.3) to calculate the angular velocity and Eq.(9.2) to calculate the average 
angular velocity for the specified time interval. 


EXECUTE: @=yt+ Bt’; y=0.400 rad/s, 8 =0.0120 rad/s’ 
d0 2 
a =—=y7+3ft 
Ono B 
(b) At ż=0, œ, =v =0.400 rad/s 
(c) At t=5.00s, œ, =0.400 rad/s + 3(0.0120 rad/s*)(5.00 s)? =1.30 rad/s 
_AO _9,-6, 
“= At b-t 
For 4,=0, 6, =0. 
For 6, =5.00 s, 6, =(0.400 rad/s)(5.00 s) + (0.012 rad/s’)(5.00 s)? =3.50 rad 
3.50 rad — 0 
So Op == 
, 5.00 s—0 


EVALUATE: The average of the instantaneous angular velocities at the beginning and end of the time interval is 
+(0.400 rad/s + 1.30 rad/s) = 0.850 rad/s. This is larger than @,,,, because @,(f) is increasing faster than linearly. 
IDENTIFY: œ, (t)= ae . a(t)= aes On = Be : 
dt dt At 
SETUP: œ, =(250 rad/s) —(40.0 rad/s’)t —(4.50 rad/s*)¢? . a, =—-(40.0 rad/s”) —(9.00 rad/s*)¢ . 
EXECUTE: (a) Setting œ, =0 results in a quadratic in t. The only positive root is t=4.23 s. 
(b) At t=4.23s, a, =—-78.1 rad/s’. 
(c) At t=4.23s, 0 =586 rad = 93.3 rev. 
(d) At t=0, œ, =250 rad/s . 


— 586 rad _ 
(©) OQ... = "453, = 138 rad/s. 


= 0.700 rad/s. 


v-z? 


EVALUATE: Between ¢=0and t=4.23s, œ, decreases from 250 rad/s to zero. @, is not linear in t, so @,,, iS 
not midway between the values of œ, at the beginning and end of the interval. 
d0 


IDENTIFY: @,(t)= ae a (t)= = . Use the values of 0 and œ, at t=O and a, at 1.50 s to calculate a, b, 


and c. 
d = 
SETUP: —?" =nt"" 
dt 


EXECUTE: (a) @,(f)=b-3ct’. a,(t)=—6ct. At t=0, 0=a=7/4 radand ø, =b=2.00 rad/s. At t=1.50 s, 
æ, = —6c(1.50 s) =1.25 rad/s’ and c =-0.139 rad/s’. 
(b) 0=7/4 rad and a, =Oat t=0. 


2 
E AEE ee Eas caie Asaan; 


6c  6(—0.139 rad/s?) 


0 = rad + (2.00 rad/s)(4.20 s) —(—0.139 rad/s*)(4.20 s)? =19.5 rad . 


@, = 2.00 rad/s —3(-0.139 rad/s*)(4.20 s)? =9.36 rad/s . 


EVALUATE: 0, œ,and a, all increase as t increases. 


ay do, 


IDENTIFY:  @, 
dt 


. 0-8, =@,,.t. When @, is linear in t, @,,, for the time interval 1, to ft, is 


= Qa. + O-z 


SETUP: From the information given, œ, (t) =—6.00 rad/s + (2.00 rad/s°)t 


EXECUTE: (a) The angular acceleration is positive, since the angular velocity increases steadily from a negative 
value to a positive value. 
(b) It takes 3.00 seconds for the wheel to stop (œ, = 0) . During this time its speed is decreasing. For the next 


4.00 s its speed is increasing from 0 rad/s to +8.00 rad/s. 
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9.9, 


9.10. 


9.11. 


9.12. 


-6.00 rad/s +8.00 rad/s 


3 =1.00 rad/s . 0-6, =@,,. then leads to 


(c) The average angular velocity is 


displacement of 7.00 rad after 7.00 s. 

EVALUATE: When a, and a, have the same sign, the angular speed is increasing; this is the case for t =3.00 s to 
t=7.00s. When a, and œ, have opposite signs, the angular speed is decreasing; this is the case between 
t=Oand ¢=3.00s. 


IDENTIFY: Apply the constant angular acceleration equations. 
SET Up: Let the direction the wheel is rotating be positive. 


EXECUTE: (a) œ, =@,+a,t=1.50 rad/s +(0.300 rad/s?)(2.50 s) =2.25 rad/s. 
(b) 0-0, =@,t+4a,t’ =(1.50 rad/s)(2.50 s) +4(0.300 rad/s*)(2.50 s)? = 4.69 rad. 


EVALUATE: 0-0 = (Se O. } = (2 fads 5 Geeta Jaso s) = 4.69 rad , the same as calculated with 


another equation in part (b). 
IDENTIFY: Apply the constant angular acceleration equations to the motion of the fan. 
(a) SETUP: œ, =(500 rev/min)(1 min/60 s) =8.333 rev/s, @, = (200 rev/min)(1 min/60 s) =3.333 rev/s, 
t=4.00s, a,=? 
O, = O, +t 
@,—@, _ 3.333 rev/s —8.333 rev/s _ 


EXECUTE: @, = =—1.25 rev/s” 
t 4.00 s 


0-0, =? 
0-0, =M,t+4a,t =(8.333 rev/s)(4.00 s) +4(-1.25 rev/s”)(4.00 s)? = 23.3 rev 
(b) SETUP: «@, =0 (comes to rest); @, =3.333 rev/s; æ, =—1.25 rev/s’; 
t=? 
O, = O; +t 

0,-@, _0—3.333 rev/s 
EXECUTE: t= = 5 

a, —1.25 rev/s 

EVALUATE: The angular acceleration is negative because the angular velocity is decreasing. The average angular 
velocity during the 4.00 s time interval is 350 rev/min and 6-6, =@,,,t gives 9-6, =23.3 rev, which checks. 


=2.67s 


IDENTIFY: Apply the constant angular acceleration equations to the motion. The target variables are t and 6—6,. 
SETUP: (a) @, =1.50 rad/s’; @, =0 (starts from rest); œ, =36.0 rad/s; t=? 

O, = O; +t 

_ @,-@, _ 36.0 rad/s —0 


= — 24.0 S 


EXECUTE: t 
a, 1.50 rad/s 


(b) 0-6, =? 

0-0, =a,t+4a,t? =0+4(1.50 rad/s*)(2.40 s)? = 432 rad 

0 — 0, = 432 rad(1 rev/27 rad) = 68.8 rev 

EVALUATE: We could use 0-0, =+(@,+@p),)t to calculate 6—8, =4(0+36.0 rad/s)(24.0 s) = 432 rad, which 


checks. 
IDENTIFY: In part (b) apply the equation derived in part (a). 

SET Up: Let the direction the propeller is rotating be positive. 
Q, = Oz 


EXECUTE: (a) Solving Eq. (9.7) for t gives t = . Rewriting Eq. (9.11) as 0-0, =t(@,+5@,t) and 


substituting for ¢ gives 


2 1 1 1 
0-6,= Bebe [a t—(@, o))= (a, o(2 ta) = (o —@.)s 
a 2 a, 2a, 


2 


Zz 


which when rearranged gives Eq. (9.12). 


1 1 
(b) a. = (ale on) = E (0o rad/s} -(12.0 rad/s)’ = 8.00 rad/s? 
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9.13. 


9.14. 


9.15. 


9.16. 


9.17. 


EVALUATE: We could also use 0-6, = (a) to calculate ź = 0.500 s . Then ©, = @,+a,t gives 


æ, =8.00 rad/s? , which agrees with our results in part (b). 
IDENTIFY: Use a constant angular acceleration equation and solve for @,. 
SET Up: Let the direction of rotation of the flywheel be positive. 
0-0, , 60.0 rad 
2 a, = 
t 4.00 s 
EVALUATE: At the end of the 4.00 s interval, œ, = œ, + æt =19.5 rad/s . 
0-6, - a +0, } 7 (= rad/s +19.5 rad/s 
2 

IDENTIFY: Apply the constant angular acceleration equations. 
SETUP: Let the direction of the rotation of the blade be positive. @, =0 . 
@,—@ _ 140 rad/s —0 

t 6.00 s 


(0-0) (a42 } = (= rats (6.00 s) = 420 rad 


EVALUATE: We could also use 0-0, =@,.t+4a,t’ . This equation gives 


0—0, =4(23.3 rad/s*)(6.00 s)? = 419 rad , in agreement with the result obtained above. 
IDENTIFY: Apply constant angular acceleration equations. 

SET Up: Let the direction the flywheel is rotating be positive. 

0-6, = 200 rev, @, =500 rev/min =8.333 rev/s, t=30.0s. 


EXECUTE: 0-0,=@,.t++a@? gives @, = 1 (2.25 rad/s*)(4.00 s) =10.5 rad/s . 


Joo s) = 60.0 rad , which checks. 


=23.3 rad/s? . 


EXECUTE: @,=@,+@, gives a, = 


EXECUTE: (a) 0-@,= itO t gives æ, = 5.00 rev/s =300 rpm 
0 7 8 A rp 


(b) Use the information in part (a) to find a@,: @,=@,+a,t gives a, =—0.1111 rev/s?° . Then w, =0, 


QD, + Q, 


a, =—-0.1111 rev/s’, @, =8.333 rev/s in w, =a, +a,t gives t=75.0 sand 0-6, -( } gives 
6-6, =312 rev. 

EVALUATE: The mass and diameter of the flywheel are not used in the calculation. 

IDENTIFY: Use the constant angular acceleration equations, applied to the first revolution and to the first two 
revolutions. 

SET Up: Let the direction the disk is rotating be positive. 1 rev = 2% rad . Let t be the time for the first revolution. 
The time for the first two revolutions is ¢+0.750 s . 

EXECUTE: (a) 0-0, =@,t+4a,t applied to the first and to the first two revolutions gives 27 rad =4a,t° and 


2a rad 


z (t+0.750 s} . 


47r rad =}a_(t+0.750 s)’. Eliminating æ, between these equations gives 47 rad = 


0.750 s 
pee 


20? =(t + 0.750 s)?. V2t = +(t + 0.750 s) . The positive root is t = =1.81s. 


(b) 27 rad =1@,t’ and t=1.81s gives a, =3.84 rad/s” 
EVALUATE: At the start of the second revolution, @,, = (3.84 rad/s*)(1.81 s) =6.95 rad/s . The distance the disk 


rotates in the next 0.750 s is 0-0, =@,t+4a,t° =(6.95 rad/s)(0.750 s) +4(3.84 rad/s”)(0.750 s}? =6.29 rad , 
which is two revolutions. 

IDENTIFY: Apply Eq.(9.12) to relate w, to 0-6,. 

SET Up: Establish a proportionality. 

EXECUTE: From Eq.(9.12), with @,=0, the number of revolutions is proportional to the square of the initial 
angular velocity, so tripling the initial angular velocity increases the number of revolutions by 9, to 9.00 rev. 
EVALUATE: We don't have enough information to calculate a, ; all we need to know is that it is constant. 
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9.18. IDENTIFY: In each case we apply constant acceleration equations to determine O(t) and @,(t). 


SETUP: Let 6, =0. The following table gives the revolutions and the angle 6 (in degrees) through which the 
wheel has rotated for each instant in time (in seconds) and each of the three situations: 


(a) (b) © 

rev 0 rev 0 rev 0 
0.05 0.50 180 0.03 11.3 0.44 158 
0.10 1.00 360 0.13 45 0.75 270 
0.15 1.50 540 0.28 101 0.94 338 
0.20 2.00 720 0.50 180 1.00 360 


EXECUTE: The @and æ, graphs for each case are given in Figures 9.18 a—c. 
EVALUATE: The slope of the O(t) graph is @,(t) and the slope of the w,(t) graph is @,(t). 


10.05 
8 (rev) w, (FY) 10 
- 9.95 
0 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2 
t(s) t(s) 


0.6 


0.4 [p 
8 (rev) rev 


0.2 


0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 
t(s) t(s) 


rev 


0 
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 
t(s) t(s) 


(O) 
Figure 9.18 
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9.19. 


9.20. 


9.21. 


IDENTIFY: Apply the constant angular acceleration equations separately to the time intervals 0 to 2.00 s and 
2.00 s until the wheel stops. 
(a) SETUP: Consider the motion from t=0 to t=2.00 s: 


0-0, =2; @, =24.0 rad/s; a, =30.0 rad/s’; t=2.00 s 

EXECUTE: 0-0, =@.t+4a.t° =(24.0 rad/s)(2.00 s) +4(30.0 rad/s’)(2.00 s)? 

6-6, = 48.0 rad + 60.0 rad =108 rad 

Total angular displacement from t =0 until stops: 108 rad + 432 rad = 540 rad 

Note: At £=2.00s, @,=@,+@,t=24.0 rad/s+ (30.0 rad/s’ )(2.00s) = 84.0 rad/s; angular speed when breaker trips. 


(b) SET Up: Consider the motion from when the circuit breaker trips until the wheel stops. For this calculation let 
t=0 when the breaker trips. 


t=?; 0-6, =432 rad; w,=0; @, =84.0 rad/s (from part (a)) 
0-0, (21e 70. } 
2 


_ 20-0) __2(432 rad) _ 


=10.3 s 
@,+@, 84.0 rad/s +0 


EXECUTE: t 


The wheel stops 10.3 s after the breaker trips so 2.00 s+10.3 s=12.3 s from the beginning. 
(c) SETUP: «a, =?; consider the same motion as in part (b): 

O,=@,+a,t 

@,—@, _0—84.0 rad/s 


EXECUTE: @, =— 
t 10.3 s 


EVALUATE: The angular acceleration is positive while the wheel is speeding up and negative while it is slowing 
ee Es 2 
0, -0 _ 0- (84.0 rad/s) -8.16 rad/s? for 

2(0-0,) 2(432 rad) 


= -8.16 rad/s” 


down. We could also use œ} = œ, +2a,(9—@,) to calculate a, = 


the acceleration after the breaker trips. 

IDENTIFY: The linear distance the elevator travels, its speed and the magnitude of its acceleration are equal to the 
tangential displacement, speed and acceleration of a point on the rim of the disk. s =r0 , v=røand a=ra.In 
these equations the angular quantities must be in radians. 

SETUP: lrev=2z rad. 1 rpm =0.1047 rad/s. z rad =180° . For the disk, r =1.25 m. 


EXECUTE: (a) v= 0.250 m/s so o=} OPUS 6.500 rad/s =1.91 rpm. 
r 1.25m 
2 
(i) act esis wet ges ce =o ono mais’: 
r 1.25 m 
© s=3.25m. Oss 2.60 rad =149°. 
r 125m 


EVALUATE: When we use s=ré, v=røæand a, =ra to solve for 0, wand a, the results are in rad, rad/s 
and rad/s” . 

IDENTIFY: When the angular speed is constant, @=0/t. Vy, ="@, Ay, =raand a „a =r@ . In these equations 
radians must be used for the angular quantities. 

SET Up: The radius of the earth is R, =6.38x10° m and the earth rotates once in 1 day =86,400s . The orbit radius 


of the earth is 1.50x10'' m and the earth completes one orbit in 1 y =3.156x10’ s. When qis constant, @ = 0/t . 


EXECUTE: (a) 0=1 tev =2z radin 1=3.156x10" s. o= 22 ™4 _ 199x107 rad/s. 
3.156x10" s 
(b) Os ie 0% radin t=86,400 s. wise -7.27x10% rad/s 
86,400 s 


(© v=rø=(1.50x10" m)(1.99x107 rad/s) = 2.98 x10* m/s. 
(d) v=ra=(6.38x10° m)(7.27x10% rad/s) = 464 m/s . 


(e) a„a =7@ =(6.38x10° m)(7.27 x10% rad/s)’ = 0.0337 m/s’. a,,, =ræ =0. a =0 since the angular velocity is 


constant. 
EVALUATE: The tangential speeds associated with these motions are large even though the angular speeds are 
very small, because the radius for the circular path in each case is quite large. 
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9.22. IDENTIFY: Linear and angular velocities are related by v=ra@. Use w,=a@,,+a,t to calculate a, . 


SETUP: @=v/r gives win rad/s. 


EXECUTE: (a) ios = 50.0 rad/s, ee = 21.6 rad/s. 


25.0 x10° m 58.0 x10° m 
(b) (1.25 m/s) (74.0 min) (60 s/min) = 5.55 km. 
21.55 rad/s —50.0 rad/s _ -3 2 
(74.0 min) (60 s/min) O radis’. 

EVALUATE: The width of the tracks is very small, so the total track length on the disc is huge. 

9.23. IDENTIFY: Use constant acceleration equations to calculate the angular velocity at the end of two revolutions. 
v=ra. 
SETUP: 2rev=4z rad. r=0.200 m. 


EXECUTE: (a) œ = 0. +2a.(0-0). @. =\2a,(0—6,) = (23.00 rad/s”)(4 rad) =8.68 rad/s. 
Ang =r@ = (0.200 m)(8.68 rad/s)” =15.1 m/s”. 


(©) a. = 


ov? (1.74 m/s} 
“0.200 m 
EVALUATE: r@ and v’ /r are completely equivalent expressions for aa- 


(b) v=ra@ = (0.200 m)(8.68 rad/s) = 1.74 m/s. a =15.1 m/s’. 


9.24. IDENTIFY: ,,,=ra@", with æ in rad/s. Solve for a. 
SETUP: 11pm =(27/60) rad/s 
2 
execute: aa, [ma a, [(400:000)(9.80 mis?) 
r 0.0250 m 
EVALUATE: In a,,, =r@° , @must be in rad/s. 


=1,.25x10* rad/s =1.20x10° rpm 


9.25. IDENTIFY and SETUP: Use constant acceleration equations to find œ and a@ after each displacement. The use 
Eqs.(9.14) and (9.15) to find the components of the linear acceleration. 
EXECUTE: (a) at the start t=0 


flywheel starts from rest so œ, = @, =0 

An = ra = (0.300 m)(0.600 rad/s?) = 0.180 m/s” 

Ang Fro =0 

a= fa}, +a?, = 0.180 m/s? 

(b) 0-6, =60° 

=ra =0.180 m/s? 

Calculate a: 

0-6, = 60° (x rad/180°) =1.047 rad; a, =0; a, =0.600 rad/s*; w, =? 
o = @,,+2a,(0-9) 

œ, = [2a (0=0,) = 2(0.600 rad/s”)(1.047 rad) =1.121 rad/s and @=@,, 
Then a,,,=r@ =(0.300 m)(1.121 rad/s)” =0.377 m/s’. 

a= a, +a2, = (0.377 m/s’) +(0.180 m/s’)? = 0.418 m/s? 

(© 0-0, =120° 


a 


tan 


aan = ra =0.180 m/s? 

Calculate a: 

0—0, =120°(z rad/180°) = 2.094 rad; @, =0; a, =0.600 rad/s*; @, =? 
o =@,+2a,(A-4) 

0, =2a,(0-6) = [20.600 rad/s”)(2.094 rad) =1.585 rad/s and Ø= @,. 
Then a„a =r@° = (0.300 m)(1.585 rad/s}? = 0.754 m/s’. 

a =a? +a2, = (0.754 m/s’) + (0.180 m/s’)? = 0.775 m/s? 


EVALUATE: a is constant so @ 


is constant. @ increases so a,,, increases. 


tan 
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9.26. IDENTIFY: Apply constant angular acceleration equations. v=rq@. A point on the rim has both tangential and 
radial components of acceleration. 
SETUP: a„=ra and a,,4=ra°. 
EXECUTE: (a) @, =@, + at = 0.250 rev/s + (0.900 rev/s”)(0.200 s) = 0.430 rev/s 
(Note that since œ, and æ, are given in terms of revolutions, it’s not necessary to convert to radians). 
(b) @,,,At = (0.340 rev/s)(0.2 s) = 0.068 rev . 


(c) Here, the conversion to radians must be made to use Eq. (9.13), and 


v=ro= (= ™ )(0430 rev/s)(2z rad/rev)=1.01 m/s. 


(d) Combining equations (9.14) and (9.15), 
a= Jaza +a, = Nor? +(ar) . 


a= [oso rev/s)(27 rad/rev))°(0.375 m)| +| (0.900 rev/s*)(2z rad/rev)(0.375 m) | 


2 


a=3.46 m/s’. 

EVALUATE: Ifthe angular acceleration is constant, a,,, is constant but a,,, increases as @ increases. 
9.27. IDENTIFY: Use Eq.(9.15) and solve for r. 

SETUP: a =r@ so r=a,,,/@, where œ must be in rad/s 


rad 


EXECUTE:  ,,, =3000g =3000(9.80 m/s”) = 29,400 m/s? 


abie a 2 sos 6 adie 
60s l rev 
2 
Then r=% = 22,409; mi's =0.107 m. 


@ (523.6 rad/s)’ 


EVALUATE: The diameter is then 0.214 m, which is larger than 0.127 m, so the claim is not realistic. 
9.28. IDENTIFY: In part (b) apply the result derived in part (a). 


SETUP: a, =r@ and v=r@; combine to eliminate r. 


v 
EXECUTE: (a) a= OT = mal = ov. 
oO 


(b) From the result of part (a), @= Aras; 0-900 m/s = 0.250 rad/s. 
v 


EVALUATE: ,,, =r@ and v= rø both require that w be in rad/s, so in a 4 =@v, @is in rad/s. 
9.29. IDENTIFY: v=røand a =r@ =v'/r. 
SETUP: 27 rad=!1 rev ,so z rad/s =30 rev/min . 
12.7x10°m 
2 


EXECUTE: (a) ær = (1250 rev/min i( 5 feral I 


Joss m/s. 


b) v? (0.831 m/s)? 
ro (12.7x10° m)/2 
EVALUATE: In v=ræ, œmust be in rad/s. 


=109 m/s’. 


. = = =y? = 
9.30. IDENTIFY: 4,,,=ra, v=røand dpa =V /r. 0-0 = Ont. 


Or 


2 +O, 


SET Up: When a, is constant, @,,, = . Let the direction the wheel is rotating be positive. 


gn _ —10.0 m/s? 


EXECUTE: (a) a =—™ =-50.0 rad/s? 
0.200 m 
E _ _v_ 50.0 m/s _ z 
(b) At t=3.00s, v=50.0 m/s and w= SPEA =250 rad/s andat t£ =0, 


v=50.0 m/s+(-10.0 m/s*)(0—3.00 s)=80.0 m/s , @=400 rad/s. 
(c) @,,,t = (325 rad/s)(3.00 s) =975 rad =155 rev. 
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9.31. 


9.32. 


9.33. 


9.34. 


50.0 m/s —1.40 m/s _ 
10.0 m/s 


(d) v=./a,gr = (9.80 m/s’)(0.200 m) =1.40 m/s. This speed will be reached at time 4.86s 


after t =3.00 s, or at t= 7.86 s . (There are many equivalent ways to do this calculation.) 

EVALUATE: At ¢=0, a 4 =r@ =3.20x10* m/s? . At t=3.00s, a „a =1.25x10* m/s? . For a,,, =g the wheel 
must be rotating more slowly than at 3.00 s so it occurs some time after 3.00 s. 
IDENTIFY and SETUP: Use Eq.(9.15) to relate œ to a,,, and XF =ma torelate a 


Ti 


to F 


rad* 


Use Eq.(9.13) to 


rad rad 


relate œ and v, where v is the tangential speed. 


EXECUTE: (a) a,,,=r@ and Fa =Ma a = MO? 


rad 


F, 2 (640 rev/min ¥ 

ad2 _| ®) -( rev, min) aA 
Eai Q, 423 rev/min 
b) v=ra 


Vy @y _ 640 rev/min -1.51 


v OQ, ~ 423 rev/min — 


(c) v=ra 


æ = (640 revimin( ae \ ere 


60s 1 rev 
Then v=ra@ = (0.235 m)(67.0 rad/s) =15.7 m/s. 
Aga =V@ = (0.235 m)(67.0 rad/s)? = 1060 m/s? 
a 1060 m/s” 


Ban OCS. 108) S108 
z 9.80 mis? = 


EVALUATE: In parts (a) and (b), since a ratio is used the units cancel and there is no need to convert œ to rad/s. 


= 67.0 rad/s 


In part (c), v and a,,, are calculated from œ, and œ must be in rad/s. 
IDENTIFY: v=rqand 4a,,,=ra. 


SET Up: The linear acceleration of the bucket equals a, for a point on the rim of the axle. 


EXECUTE: (a) v=Ra@. 2.00 cm/s -°( 7 e! a2 = gives R=2.55cm. 


min 60s 1 rev 
D=2R=5.09 cm. 
2 
(b) a, =Ra. a=" _ 9.400 m/s" 157 rad/s? . 
R 0.0255 m 


EVALUATE: In v= Rand a,,,=Ra, @and a must be in radians. 


IDENTIFY: Apply v=ra. 

SET Up: Points on the chain all move at the same speed, so 1.0, =1;@; . 

v, _ 5.00 m/s 
y 0.330m 

The angular velocity of the front wheel is @, = 0.600 rev/s =3.77 rad/s. r, =7;,(@,/@,)=2.99 cm. 


EXECUTE: The angular velocity of the rear wheel is @, = =15.15 rad/s. 


EVALUATE: The rear sprocket and wheel have the same angular velocity and the front sprocket and wheel have 
the same angular velocity. r@ is the same for both, so the rear sprocket has a smaller radius since it has a larger 


angular velocity. The speed of a point on the chain is v =r,a, =(2.99x107 m)(15.15 rad/s) = 0.453 m/s . The linear 
speed of the bicycle is 5.50 m/s. 


IDENTIFY and SET UP: Use Eq.(9.16). Treat the spheres as point masses and ignore Z of the light rods. 
EXECUTE: The object is shown in Figure 9.34a. 


(a) 
0.400 m 


rr ooo 


0.200 kg 


0.200 kg l 
NZ eam m r = (0.200 m)? +(0.200 m)? = 0.2828 m 
I = m,r} =4(0.200 kg)(0.2828 m)? 


2 o 
0.200 kg 0.200 kg 
Figure 9.34a 
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9.35. 


9.36. 


9.37. 


Chapter 9 
(b) The object is shown in Figure 9.34b. 
0.200 kg 0.200 kg 
| 0.200 m r=0.200 m 
axis _ i ee I =% m,r? =4(0.200 kg)(0.200 m)? 
| 0.200 m I =0.0320 kg -m° 
0.200 kg 0.200 kg 
Figure 9.34b 
(c) The object is shown in Figure 9.34c. 
\ axis 
`M 0.200 kg 
0.200 kg r =0.2828 m 
I= Emr; = 2(0.200 kg)(0.2828 m)? 
3 eee 
0.200 kg I =0.0320 kg-m 
0.200 kg Te, 
Figure 9.34c 


EVALUATE: In general J depends on the axis and our answer for part (a) is larger than for parts (b) and (c). It just 
happens that / is the same in parts (b) and (c). 

IDENTIFY: Use Table 9.2. The correct expression to use in each case depends on the shape of the object and the 
location of the axis. 


SET Up: In each case express the mass in kg and the length in m, so the moment of inertia will be in kg-m’. 
EXECUTE: (a) (i) Z =}4MĽ =1(2.50 kg)(0.750 m}? =0.469 kg-m? . 

(ii) I =4MPĽ =1(0.469 kg-m’) =0.117 kg-m’. (iii) For a very thin rod, all of the mass is at the axis and 7 =0. 
(b) (i) Z =2MR* =2(3.00 kg)(0.190 m)? = 0.0433 kg-m’. 

(ii) J =2MR* =3(0.0433 kg-m*) = 0.0722 kg -m° . 

(c) (i) Z = MR? = (8.00 kg)(0.0600 m}? = 0.0288 kg-m’. 

(ii) Z =4MR’ =4(8.00 kg)(0.0600 m)? = 0.0144 kg -m° . 

EVALUATE: / depends on how the mass of the object is distributed relative to the axis. 


IDENTIFY: Treat each block as a point mass, so for each block J = mr’ , where r is the distance of the block from 
the axis. The total / for the object is the sum of the Z for each of its pieces. 

SET Up: In part (a) two blocks are a distance L/2 from the axis and the third block is on the axis. In part (b) two 
blocks are a distance L/4 from the axis and one is a distance 3L/4 from the axis. 


EXECUTE: (a) I =2m(L/2)’ =1mL’. 
(b) 1 =2m(L/4)’ +mGL/4) = mpo +9) = L np ; 


EVALUATE: For the same object / is in general different for different axes. 
IDENTIFY: for the object is the sum of the values of J for each part. 
SET Up: For the bar, for an axis perpendicular to the bar, use the appropriate expression from Table 9.2. For a 


oint mass, J = mr’, where r is the distance of the mass from the axis. 
p 


2 
EXECUTE: (a) I =D yar Leas = = Mpal H 2a 5] x 
I= 5 (4.00 kg)(2.00 m}? +2(0.500 kg)(1.00 m}? =2.33 kg-m? 


(b) [= imal Hml = $(4.00 kg)(2.00 m)? +(0.500 kg) (2.00 m}? =7.33 kg-m? 
(c) J =0 because all masses are on the axis. 

(d) All the mass is a distance d = 0.500 m from the axis and 

I = yy. + 2g d? = M god? = (5.00 kg)(0.500 m)? =1.25 kgm’. 

EVALUATE: / for an object depends on the location and direction of the axis. 
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9.38. 


9.39. 


9.40. 


9.41. 


9.42. 


9.43. 


IDENTIFY and SET Up: According to Eq.(9.16), Z for the entire object equals the sum of Z for each piece, the rod 
plus the end caps. The object is shown in Figure 9.38. 


I axis 
a EXECUTE: I= Loa +21.) 
m O] m 
i T=5MP +2(m)\(L/2) (4M +4}m)L 
L/j2 a Lp 
Figure 9.38 


EVALUATE: Table 9.2 was used for Z, and J=mr’ for the end caps, since they are treated as point particles. 
rod p y p p 


IDENTIFY and SETUP: [= 5 mr? implies I=L m +1. 


spokes 

EXECUTE: I;„ =MR? = (1.40 kg)(0.300 m} =0.126 kg-m? 

Each spoke can be treated as a slender rod with the axis through one end, so 
=8(4ML’ ) = §(0.280 kg)(0.300 m)? = 0.0672 kg-m° 


L pokes = 


I=L in +I pokes =0.126 kg -m° +0.0672 kg -m° =0.193 kg-m? 


spokes 
EVALUATE: Our result is smaller than ie = (3.64 kg)(0.300 m}? = 0.328 kg-m’, since the mass of each 
spoke is distributed between r=0 and r= 

IDENTIFY: Compare this object to a aire disk of radius R and mass 2M. 

SET Up: With an axis perpendicular to the round face of the object at its center, / for a uniform disk is the same 
as for a solid cylinder. 


EXECUTE: (a) The total J for a disk of mass 2M and radius R, J =4(2M )R? = MR’ . Each half of the disk has the 
same J, so for the half-disk, J = MR? ; 


(b) The same mass M is distributed the same way as a function of distance from the axis. 
(c) The same method as in part (a) says that / for a quarter-disk of radius R and mass M is half that of a half-disk of 


radius R and mass 2M, so 7 =4(4[2M]R*) =1MR’ . 
EVALUATE: J depends on how the mass of the object is distributed relative to the axis, and this is the same for 


any segment of a disk. 
IDENTIFY: / for the compound disk is the sum of J of the solid disk and of the ring. 


SET Up: For the solid disk, Z =14m,r; . For the ring, J, =4m,(77 +r?) , where r, =50.0 cm, r, =70.0 cm. The 
mass of the disk and ring is their area times their area density. 
EXECUTE: J=/,+/,. 


Disk: m; =(3.00 g/cem”)ar? = 23.56 kg. I, = mr =2.945 kg-m’. 


Ring: m, =(2.00 g/cem’)a(r; —17?) =15.08 kg. T, = m0? +12) =5.580 kgm’. 


I=]; +I, =8.52 kg-m’. 

EVALUATE: Even though m, <m, I, > J, since the mass of the ring is farther from the axis. 
IDENTIFY: K =4/@° . Use Table 9.2b to calculate 7. 

SETUP: J=ML’. 1 rpm=0.1047 rad/s 


0.1047 rad/s 


EXECUTE: (a) Z =4(117 kg)(2.08 m)? = 42.2 kg-m’. œ = (2400 revimin) - 
1 rev/min 


pa rad/s . 


K =4I@ =4(42.2 pee "a =1.33x10° J 
(b) K,=$M Lio, K,=4M,Lo). L,=L,and K,=K,,s0 Ma, =M,a;. 


=Q, ira = (2400 rpm) a s0 E rpm 


or The rotational neice energy is proportional to the square of the angular speed and directly 
proportional to the mass of the object. 


IDENTIFY: K =4/@°. Use Table 9.2 to calculate 7. 
SETUP: J =2MR°. For the moon, M =7.35x10” kg and R=1.74x10° m. The moon moves through 
l rev = 27 rad in 27.3 d. 1d =8.64x10* s 
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9.44, 


9.45. 


9.46. 


9.47. 


9.48. 


EXECUTE: (a) J =2(7.35x10” kg)(1.74x10° m} =8.90x10" kg-m?. 
je 27 rad 
(27.3 d)(8.64x10* s/d) 
K =11@° =4(8.90x10™ kg-m’)(2.66x10° rad/s)’ =3.15x10” J. 
3.15x107 J 
5(4.0x10” J) 


does not seem like a worthwhile scheme for only 158 years worth of energy. 
EVALUATE: The moon has a very large amount of kinetic energy due to its motion. The earth has even more, but 
changing the rotation rate of the earth would change the length of a day. 


IDENTIFY: K =1J/q@". Use Table 9.2 to relate J to the mass M of the disk. 
SETUP: 45.0 rpm =4.71 rad/s . For a uniform solid disk, J = 4+ MR? : 
2K — 2(0.250 J) 
@ (4.71 rad/s)” 
2I _ 2(0.0225 kg-m’) 
R? (0.300 m}? 
EVALUATE: No matter what the shape is, the rotational kinetic energy is proportional to the mass of the object. 
IDENTIFY: K =4/@°, with æ in rad/s. Solve for Z. 
SETUP: 1 rev/min =(27/60) rad/s . AK = -500 J 
EXECUTE: œ, = 650 rev/min = 68.1 rad/s. @, = 520 rev/min = 54.5 rad/s. AK =K, -K, =41(@; -œ) and 
I=- 2(AK) _ 2(-500 J) 

a; -a@ (54.5 rad/s)’ — (68.1 rad/s)? 


i 


=2.66x10° rad/s. 


(b) 


=158 years . Considering the expense involved in tapping the moon’s rotational energy, this 


EXECUTE: (a) J = = 0.0225 kg-m’. 


(b) J=4MR’ and M = =0.500 kg . 


= 0.600 kg-m’. 


EVALUATE: In K =4/@°, must be in rad/s. 
IDENTIFY: The work done on the cylinder equals its gain in kinetic energy. 
SETUP: The work done on the cylinder is PL, where L is the length of the rope. K,=0. K, =H@ . 


IT=14mr? f2) A 
g 


2 2 
EXECUTE: PL 12, or P= Lwy GOO NNG00 m/s) =14 
g 


2g L 2(9.80 m/s*)(5.00 m) 


EVALUATE: The linear speed v of the end of the rope equals the tangential speed of a point on the rim of the 
cylinder. When Ķ is expressed in terms of v, the radius r of the cylinder doesn't appear. 
IDENTIFY and SETUP: Combine Eqs.(9.17) and (9.15) to solve for K. Use Table 9.2 to get I. 


EXECUTE: K =+/@° 
Gag = Ro’, so œ= fa„a/ R = (3500 m/s’)/1.20 m = 54.0 rad/s 
For a disk, J =4MR? =+(70.0 kg)(1.20 m}? =50.4 kg-m? 

Thus K =1/@° =1(50.4 kg-m’)(54.0 rad/s)” =7.35x10* J 
EVALUATE: The limit on a 


„a Limits @ which in turn limits K. 


IDENTIFY: Repeat the calculation in Example 9.9, but with a different expression for 7. 
SET Up: For the solid cylinder in Example 9.9, J = + MR? . For the thin-walled, hollow cylinder, J = MR’. 


EXECUTE: (a) With J = MR’, the expression for v is v= eee 
1+M/m 


(b) This expression is smaller than that for the solid cylinder; more of the cylinder’s mass is concentrated at its 
edge, so for a given speed, the kinetic energy of the cylinder is larger. A larger fraction of the potential energy is 
converted to the kinetic energy of the cylinder, and so less is available for the falling mass. 


EVALUATE: When M is much larger than m, v is very small. When M is much less than m, v becomes v=./2gh , 
the same as for a mass that falls freely from a height A. 
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9.49. 


9.50. 


9.51. 


9.52. 


9.53. 


9.54. 


9.55. 


IDENTIFY: Apply conservation of energy to the system of stone plus pulley. v = rø relates the motion of the 
stone to the rotation of the pulley. 


SET Up: Fora uniform solid disk, J = + MR? . Let point 1 be when the stone is at its initial position and point 2 be 
when it has descended the desired distance. Let +y be upward and take y =0 at the initial position of the stone, so 
y, =O and y, =—h, where A is the distance the stone descends. 


EXECUTE: (a) K,=3/,@°. I, =}M R? =4(2.50 kg)(0.200 m)’ = 0.0500 kg-m’. 


2K, 2(4.50 J) 
o= = z =13.4 rad/s . The stone has speed v = Rø = (0.200 m)(13.4 rad/s) = 2.68 m/s . The 
I 0.0500 kg-m 


P 


stone has kinetic energy K, =}+mv° =1(1.50 kg)(2.68 m/s} =5.39 J. K, +U, =K, +U, gives 0=K,+U,. 
9.89 J 


0=4.50J+5.39 J+me(-h). h= = 0.673 m. 
BN). h = T50 ky9.80 m/s) 
K 
O) K =K +K, S080 1. = =450] 45.5%, 
arn K,, 989] 


tot 
EVALUATE: The gravitational potential energy of the pulley doesn’t change as it rotates. The tension in the wire 
does positive work on the pulley and negative work of the same magnitude on the stone, so no net work on the 
system. 

IDENTIFY: K,=3/ œ for the pulley and K, =4mv’ for the bucket. The speed of the bucket and the rotational 
speed of the pulley are related by v= Ra. 

SETUP: K,=>5K, 


EXECUTE: to =4(4mv’)=4mR’o’. 1 =4mR’. 

EVALUATE: The result is independent of the rotational speed of the pulley and the linear speed of the mass. 
IDENTIFY: The general expression for / is Eq.(9.16). K =4/@’. 

SETUP: R will be multiplied by f. 

EXECUTE: (a) In the expression of Eq. (9.16), each term will have the mass multiplied by f° and the distance 


multiplied by f, and so the moment of inertia is multiplied by /°(f) = f°. 


(b) (2.5 J\(48)° = 6.37108 J. 
EVALUATE: Mass and volume are proportional to each other so both scale by the same factor. 
IDENTIFY: The work the person does is the negative of the work done by gravity. Wa, =U 


grav grav, 1 T 


U 


grav,2 * 
Ukay = Mgy cm * 

SET Up: The center of mass of the ladder is at its center, 1.00 m from each end. 

Vem, = (1.00 m)sin 53.0° = 0.799 m . Yen: =1.00 m. 


EXECUTE: Wav =(9.00 kg)(9.80 m/s’)(0.799 m—1.00 m) = -17.7 J . The work done by the person is 17.7 J. 


EVALUATE: The gravity force is downward and the center of mass of the ladder moves upward, so gravity does 
negative work. The person pushes upward and does positive work. 

IDENTIFY: U=Mgy,,,. AU =U,-U,. 

SET Up: Half the rope has mass 1.50 kg and length 12.0 m. Let y =0 at the top of the cliff and take +y to be 


upward. The center of mass of the hanging section of rope is at its center and Yy., =—6.00 m . 
EXECUTE: AU =U, -U, =M8(Von2 —Yem,1) = 1-50 kg)(9.80 m/s’)(—6.00 m—0) = -88.2 J . 


EVALUATE: The potential energy of the rope decreases when part of the rope moves downward. 

IDENTIFY: Apply Eq.(9.19), the parallel-axis theorem. 

SET Up: The center of mass of the hoop is at its geometrical center. 

EXECUTE: In Eq. (9.19), I„„ =MR? and d = R?, sol, =2MR’. 

EVALUATE: Tis larger for an axis at the edge than for an axis at the center. Some mass is closer than distance R 
from the axis but some is also farther away. Since Z for each piece of the hoop is proportional to the square of the 
distance from the axis, the increase in distance has a larger effect. 

IDENTIFY: Use Eq.(9.19) to relate Z for the wood sphere about the desired axis to Z for an axis along a diameter. 
SETUP: For a thin-walled hollow sphere, axis along a diameter, J = 2 MR°. 


For a solid sphere with mass M and radius R, I, =2MR’, for an axis along a diameter. 
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9.56. 


9.57. 


9.58. 


9.59. 


EXECUTE: Find d such that 7, =/,,, +Md’ with I, =2MR’: 
2MR* =2MR? + Ma’ 
The factors of M divide out and the equation becomes (3-2) R? =d? 


d =,{(10—6)/15R =2R/V15 =0.516R. 


The axis is parallel to a diameter and is 0.516R from the center. 
EVALUATE: Z „(lead) > J,,, (wood) even though M and R are the same since for a hollow sphere all the mass is a 


distance R from the axis. Eq.(9.19) says I, >I 


cm? 


so there must be a d where I,(wood) = J,,, (lead). 


IDENTIFY: Using the parallel-axis theorem to find the moment of inertia of a thin rod about an axis through its 
end and perpendicular to the rod. 


SET Up: The center of mass of the rod is at its center, and /,,,=;ML’. 


EXECUTE: J, =/,,, + Md? = oe u[ 


EVALUATE: Jis larger when the axis is not at the center of mass. 
IDENTIFY and SET UP: Use Eq.(9.19). The cm of the sheet is at its geometrical center. The object is sketched in 
Figure 9.57. 


EXECUTE: J/, =/,,.+Ma’. 


From part (c) of Table 9.2, 
Tom =EM (a? +b’). 


b The distance d of P from 
the cm is 


pe F d=|(a/2} +(b/2). 


Figure 9.57 


Thus I, =I m +Md’ =M (a° +b’)+M (ta +4b°)=(5+4)M(@ +b°)= 


2 


1M(a°+b°) 
EVALUATE: J, =4/,,,. For an axis through P mass is farther from the axis. 


IDENTIFY: Consider the plate as made of slender rods placed side-by-side. 
SET UP: The expression in Table 9.2(a) gives Z for a rod and an axis through the center of the rod. 


EXECUTE: (a) / is the same as for a rod with length a: J = 4Ma’ . 


(b) Z is the same as for a rod with length b: J = + Mb* ; 

EVALUATE: J is smaller when the axis is through the center of the plate than when it is along one edge. 
IDENTIFY: Use the equations in Table 9.2. I for the rod is the sum of J for each segment. The parallel-axis 
theorem says Z, =/,,, +Md°. 

SETUP: The bent rod and axes a and b are shown in Figure 9.59. Each segment has length L/2 and mass M/2. 


EXECUTE: (a) For each segment the moment of inertia is for a rod with mass M/2, length L/2 and the axis 
2 
1 1 
through one end. For one segment, /, = HAE |S ae eer ine rod, I, =2/,=—ML’. 
34.2 J2 24 a T2 
(b) The center of mass of each segment is at the center of the segment, a distance of L /4 from each end. For each 


2 
segment, I.m = = = E) = 5 ML . Axis b is a distance L/4 from the cm of each segment, so for each 


1 


; ; M 
segment the parallel axis theorem gives J for axis b to be J, = 96 ML’ + 


2 


2 
ca eae rae (AE -1 yp. 
4) 24 aan 
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9.60. 


9.61. 


9.62. 


9.63. 


9.64. 


EVALUATE: / for these two axes are the same. 


1/4 -> 


cm a 


Figure 9.59 
IDENTIFY: Apply the parallel-axis theorem. 


SETUP: In Eq.(9.19), Lon -*p and d =(L/2-h). 


2 
EXECUTE: /,=M Tl ph lou ERE Pore EM AP a ; 
12 2 12 4 3 


which is the same as found in Example 9.11. 

EVALUATE: Example 9.11 shows that this result gives the expected result for h=0, h= L and h=L/2. 
IDENTIFY: Apply Eq.(9.20). 

SETUP: dm= pdV = p(2arL dr), where L is the thickness of the disk. M =2LpR? . 

EXECUTE: The analysis is identical to that of Example 9.12, with the lower limit in the integral being zero and 
the upper limit being R. The result is J =4MR?. 

EVALUATE: Our result agrees with Table 9.2(f). 

IDENTIFY: Eq.(9.20), 7 =f? dm 


SET UP: 


— | — 


Figure 9.62 


Take the x-axis to lie along the rod, with the origin at the left end. Consider a thin slice at coordinate x and width 
dx, as shown in Figure 9.62. The mass per unit length for this rod is M /L, so the mass of this slice is 


dm =(M/L) dx. 
L L 
EXECUTE: [= Í x?’ (M/L) dx= MID f, x dx=(M ILL 13) =} MP 


EVALUATE: This result agrees with Table 9.2. 
IDENTIFY: Apply Eq.(9.20). 

SET Up: For this case, dm = y dx. 

L 


L 2 
EXECUTE: (a) M = fam =fyx dx Sr 
0 


0 
L 


4 L 
x 
(b) J =| x°(yx)dx = y— 
J s 4 lo 


mass and length, since the mass density is greater further away from the axis than nearer the axis. 
L L 2 3 4 4 
cL M 
©) =|- yxdx=y|(Px-2Lx +°)dx = y| L-21% +% = = 
(c) K )7 r\( rims la aa Ka e 
This is a third of the result of part (b), reflecting the fact that more of the mass is concentrated at the right end. 
EVALUATE: For a uniform rod with an axis at one end, I = 1M . The result in (b) is larger than this and the 


This is larger than the moment of inertia of a uniform rod of the same 


VE Mp 
4 2 


result in (a) is smaller than this. 

IDENTIFY: We know that v=raand ¥ is tangential. We know that a,,,=ro° and @,,, is in toward the center of 
the wheel. See if the vector product expressions give these results. 

SET UP: |A x B| = ABsing, where @ is the angle between Á and B . 


EXECUTE: (a) For a counterclockwise rotation, @ will be out of the page. 
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9.65. 


9.66. 


9.67. 


9.68. 


(b) The upward direction crossed into the radial direction is, by the right-hand rule, counterclockwise. @ and F are 
perpendicular, so the magnitude of @xris øær =v. 
(c) @ is perpendicular to vy and so @x¥ has magnitude wv = aq and from the right-hand rule, the upward 


rad, 
direction crossed into the counterclockwise direction is inward, the direction of d,,,. 
EVALUATE: Ifthe wheel rotates clockwise, the directions of @ and v are reversed, but q,,, is still inward. 
IDENTIFY: Apply 0=at. 
SET Up: For alignment, the earth must move through 60° more than Mars, in the same time t. @, =360°/yr . 
@y =360°/(1.9 yr). 
EXECUTE: 0,=0,,+60°. a, =a@,t+60°. 
oe = 380° 360 = we (1/[0.9yr/1.9 yr?]) =0.352 yr =128 days . 
lyr 1.9 yr 
EVALUATE: Earth has a larger angular velocity than Mars, and completes one orbit in less time. 
IDENTIFY and SETUP: Use Eqs.(9.3) and (9.5). As long as æ, >0, œ, increases. At the t when aœ, =0, @, is at 


t= 


its maximum positive value and then starts to decrease when œ, becomes negative. 
O(t)=yt? — Br; y =3.20 rad/s’, B =0.500 rad/s’ 
do _ d(yt’ — Bt’) 
dt dt 

do,  d(2yt-3 Bt? 
b a= EAD 
(c) The maximum angular velocity occurs when œ, = 0. 
2y y _ 3.20 rad/s? 
68 38 3(0.500 rad/s?) 
At this £, @, = 2yt —3 Bt =2(3.20 rad/s’)(2.133 s) —3(0.500 rad/s’ )(2.133 s)? = 6.83 rad/s 
The maximum positive angular velocity is 6.83 rad/s and it occurs at 2.13 s. 
EVALUATE: For large ¢ both œ, and æ, are negative and œ, increases in magnitude. In fact, w, > —œ at 


EXECUTE: (a) @,(t)= =2yt-360 


2y-6 ft 


2y—6ft =0 implies t= =2.133 s 


t +. So the answer in (c) is not the largest angular speed, just the largest positive angular velocity. 
IDENTIFY: The angular acceleration a of the disk is related to the linear acceleration a of the ball by a= Ra. 


Since the acceleration is not constant, use @, —@, = [dt and 0-6, = f odt to relate 0, w,, a, and t for the 
disk. a, =0. 
SET UP: fiat aa t"! In a=Ra, aisin rad/s’. 
n+l 
2 
EXECUTE: (a) A= = TA 0.600 m/s? 
t 3.00 s 
a _ (0.600 m/s°)t 


b) a = =S 2 = (2,40 rad/s°)t 
Mesa E g 


(c) ©, = ‘(2.40 rad/s°)tdt = (1.20 rad/s*)t?. @, =15.0 rad/s for t = PRAS =3.54 s 
Z 3 
0 ‘ 1.20 rad/s 


(d) 0-0, = f odt = J,@.20 rad/s*)¢?dt = (0.400 rad/s*)f? . For t =3.54s, 0—0, =17.7 rad . 


EVALUATE: Ifthe disk had turned at a constant angular velocity of 15.0 rad/s for 3.54 s it would have turned 
through an angle of 53.1 rad in 3.54 s. It actually turns through less than half this because the angular velocity is 
increasing in time and is less than 15.0 rad/s at all but the end of the interval. 


IDENTIFY and SET Up: The translational kinetic energy is K =4mv’ and the kinetic energy of the rotating 
flywheel is K =4/«@°. Use the scale speed to calculate the actual speed v. From that calculate K for the car and 
then solve for @ that gives this K for the flywheel. 
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Vio Lo 
EXECUTE: (a) —~=—~ 
Vecale Lea 
L 
Voy = Vyate| = |= (700 k| 0) =35.0 km/h 
l Lea 3.0 m 


Vo = (35.0 km/h)(1000 m/1 km)(1 h/3600 s) =9.72 m/s 
(b) K =Lmv? =1(0.180 kg)(9.72 m/s)? =8.50 J 


2K _ 2(8.50 J) 
I 4.00x10° kg-m 


(c) K =}Ia gives that a= = 652 rad/s 
2 2 


EVALUATE: K=1J/@" gives æ in rad/s. 652 rad/s = 6200 rev/min so the rotation rate of the flywheel is very 
large. 

9.69. IDENTIFY: a, =r&, d „a ="@ . Apply the constant acceleration equations and XF =ma. 
SETUP: aand a,,, are perpendicular components of @, so a=,/a_,+a, 


rad tan * 

2 

EXECUTE: (a) a= 2e = 3:00 m/s! 
60.0 m 


(b) at =(0.05 rad/s*)(6.00 s) =0.300 rad/s. 

(c) aa = @°r = (0.300 rad/s)? (60.0 m) =5.40 m/s’. 

(d) The sketch is given in Figure 9.69. 

(e) a= Ae £0 = (5.40 m/s’)? +(3.00 m/s’)? =6.18 m/s’, and the magnitude of the force is 
F = ma =(1240 kg)(6.18 m/s?) =7.66 KN. 


=0.050 rad/s’ 


(f) arctan Sod | arcan 242) = 60.9°. 
a 3.00 


tan 


EVALUATE: 4d is constant and a,,, increases as wincreases. At t=0, a is parallel to v . As ¢ increases, 


tan 


@ moves toward the radial direction and the angle between @ increases toward 90° . 


Atan 


Figure 9.69 


9.70. IDENTIFY: Apply conservation of energy to the system of drum plus falling mass, and compare the results for 
earth and for Mars. 


SETUP: Kam =}. K 


dig is the same, wis the same and v is the same on both 
planets. Therefore, K 


ati 2 2 A 
mass = IV. V=ROSOIE Kanum 


is the same. Let y = Oat the initial height of the mass and take +y upward. 


Configuration | is when the mass is at its initial position and 2 is when the mass has descended 5.00 m, so 
y, =0 and y, =—h, where A is the height the mass descends. 


EXECUTE: (a) K,+U,=K,+U, gives 0= Kium +K mass -gh © K gram +K mass are the same on both planets, so 


rum mass rum mass 
2 
9.80 m/s 


a) ism. 


M 


mg Nz =mgyha . hy =h; (2) = (5.00 m| 
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(b) My hy T K arum EK ass id im? = My Ny =K arm and 
v= Pah -Kam L {9¢3.71 m/s?\(13.2 m -22500 D -8.04 m/s 
m 15.0 kg 


9.71. 


9.72. 


9.73. 


EVALUATE: We did the calculations without knowing the moment of inertia J of the drum, or the mass and radius 
of the drum. 

IDENTIFY and SET UP: All points on the belt move with the same speed. Since the belt doesn’t slip, the speed of 

the belt is the same as the speed of a point on the rim of the shaft and on the rim of the wheel, and these speeds are 

related to the angular speed of each circular object by v=ra. 


EXECUTE: 


Figure 9.71 
(a) v =70, 
@, = (60.0 rev/s)(2z rad/1 rev) = 377 rad/s 
v, =n@, =(0.45x10° m)(377 rad/s) =1.70 m/s 
(b) v, =v, 
1, =r,0, 
@, =(r,/r,)æ@, = (0.45 cm/2.00 cm)(377 rad/s) = 84.8 rad/s 


EVALUATE: The wheel has a larger radius than the shaft so turns slower to have the same tangential speed for 
points on the rim. 

IDENTIFY: The speed of all points on the belt is the same, so 7@, =r,@, applies to the two pulleys. 

SET UP: The second pulley, with half the diameter of the first, must have twice the angular velocity, and this is 
the angular velocity of the saw blade. z rad/s =30 rev/min . 


m rad/s i 


| 75.1 m/s. 


2 


EXECUTE: (a) v, =(2(3450 rev/min)) 
30 rev/min 


2 
(b) a,,, =@°r =| 2(3450 rev/min)| Z fads ce m) =5.43x10* m/s’, 
30 rev/min 2 


so the force holding sawdust on the blade would have to be about 5500 times as strong as gravity. 
EVALUATE: In v=raand a„ı =r@°, œ must be in rad/s. 


IDENTIFY and SETUP: Use Eq.(9.15) to relate a„4 to @ and then use a constant acceleration equation to 


rad 

replace o. 

EXECUTE: (a) apa =O, Apa ETO, Anga ETO 

AA ad = ad, ~ radi = r(@, -a ) 

One of the constant acceleration equations can be written 

o, =0+2a(0,-0), or ©, -o =2a,(8,-4) 

Thus Aa,,, =r2a_ (0, —6,) =2ra,(@, —6,), as was to be shown. 
— Aaa  _ 85.0 m/s* — 25.0 m/s? 

*  2r(@,-6,) 2(0.250 m)(15.0 rad) 

Then a,,, =ræ = (0.250 m)(8.00 rad/s”) = 2.00 m/s? 


EVALUATE: @ is proportional to @, and (9-@) so a 


(b) a = 8.00 rad/s” 


aq 1S also proportional to these quantities. a,,, increases 
while r stays fixed, œ, increases, and a, is positive. 

IDENTIFY and SET UP: Use Eq.(9.17) to relate K and œ and then use a constant acceleration equation to replace æ. 
EXECUTE: (c) K=; K, =o, K,=4lo, 

AK =K, -K, =}I(@} —@) =11(2a@,(0, -6,)) =1a,(0, —9,), as was to be shown. 

ie AK 45.0 o J -0.208 kg-m? 

æ. (0,—0,) (8.00 rad/s*)(15.0 rad) 


EVALUATE: @, is positive, @ increases, and K increases. 
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9.74. 


9.75. 


9.76. 


9.77. 


9.78. 


9.79. 


IDENTIFY: Z= ooa tea = PV , where pis the volume density and m=oA, where ois the area density. 


woo 


SETUP: Fora solid sphere, J = 2mR’. For the hollow sphere (foil), J =2mR?. For a sphere, V =47R?* and 
p 5 p 3 p 3 


4 
A=4nR’. m, =P Vy =P, 77. m =0, 4 = 4rR . 


EXECUTE: /=2 m,R 4 m R’ = 5 í Py a ar) pe (o L4rR’)R = Eae ARo . 

5 3 5U 3 3 3 5 

(800 kg/m*)(0.20 m) 
5 


EVALUATE: my, = 26.8 kgand J,, = 0.429 kg-m*. m, =10.1 kg and 7, =0.268 kg-m” . Even though the foil is 


only 27% of the total mass its contribution to J is about 38% of the total. 

IDENTIFY: Estimate the shape and dimensions of your body and apply the approximate expression from 
Table 9.2. 

SET Up: I approximate my body as a vertical cylinder with mass 80 kg, length 1.7 m, and diameter 0.30 m 
(radius 0.15 m) 


I === (0.20 m| +20 ks/ | =0.70 kg-m’. 


EXECUTE: I =F =+(80 kg) (0.15 m)* = 0.9 kg-m? 
EVALUATE: J depends on your mass and width but not on your height. 


IDENTIFY: Treat the V like two thin 0.160 kg bars, each 25 cm long. 
SET UP: Fora slender bar with the axis at one end, J = tm? ; 


EXECUTE: I= afime) = 2{ 5 }oo.0 kg)(0.250 m}? =6.67x10° kg-m? 


EVALUATE: The value of / is independent of the angle between the two sides of the V; the angle 70.0° didn't 
enter into the calculation. 

IDENTIFY: K=4/@°. aa =r@. m=pV. 

SET UP: Fora disk with the axis at the center, / = tmR? . V =tzR° , where ¢ = 0.100 m is the thickness of the 
flywheel. p =7800 kg/m’ is the density of the iron. 


_ 2K _ 2(10.0x10°J) 


EXECUTE: (a) @=90.0 rpm =9.425 rad/s. I= = =2.252x10° kg-m’. 
(o) H / o (9.425 rad/s} E 


m= WV =prR°t. 1 =L mR = pak . This gives R= (21/ prt) =3.68 m and the diameter is 7.36 m. 


(b) aa = Ra’ =327m/s* 
EVALUATE: In K =4J@*, wmust be in rad/s. a,,, is about 33g; the flywheel material must have large cohesive 
strength to prevent the flywheel from flying apart. 


IDENTIFY: K =+/@°.To have the same K for any wthe two parts must have the same J. Use Table 9.2 for Z. 


A 2 2 
SET Up: Fora solid sphere, Zoia =2M ig" . For a hollow sphere, L onow = 4M oiov- 
x = i 22 2 E 3 
EXECUTE: Loia = Lrotow SIVES FM soa” = FM potov and M pottow =5Msoia = 3M - 
EVALUATE: The hollow sphere has less mass since all its mass is distributed farther from the rotation axis. 


_ 2m rad 


IDENTIFY: K =]. @ 


, where T is the period of the motion. For the earth's orbital motion it can be 


treated as a point mass and J = MR’. 
SET Up: The earth's rotational period is 24 h =86,164 s . Its orbital period is 1 yr =3.156x10’ s. 
M =5.97x10" kg. R=6.38x10° m. 
2n7I z 27° (0.3308)(5.97 x10” kg)(6.38 x10°m)? 
E (86,164 s)° 
1, (2aRÝ _ 22°(5.97x10™ kg)(1.50x10" m)? 
b) u( 1 _ 27 (5.97x10 2 h 0'' m) 
2 T (3.156x10’ s) 
(c) Since the Earth’s moment of inertia is less than that of a uniform sphere, more of the Earth’s mass must be 


concentrated near its center. 
EVALUATE: These kinetic energies are very large, because the mass of the earth is very large. 


EXECUTE: (a) K = =2.14x10" J. 


=2.66x10 J. 
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IDENTIFY: Using energy considerations, the system gains as kinetic energy the lost potential energy, mgR. 


SET UP: The kinetic energy is K = Slo’ + zm" , with J =4mR’ for the disk. v= Rø. 
bioan 2_1 2 . 2 : 2_48 4g 
EXECUTE: K =—l@°+—m(@R) =—(U+mR’). Using I =4mR^ and solving for œ, œ =~ and w@=,/-—. 
2 2 2 3R 3R 
EVALUATE: The small object has speed v = fe gR . If it was not attached to the disk and was dropped from a 


; : a 2 
height A, it would attain a speed ./2gR . Being attached to the disk reduces its final speed by a factor of - . 


IDENTIFY: Use Eq.(9.20) to calculate 7. Then use K =4/q@” to calculate K. 
(a) SET UP: The object is sketched in Figure 9.81. 


l . 
axis 


| 
Consider a small strip of width dy 
y and a distance y below the top of the 
h | triangle. 
The length of the strip is 
dy x=(y/h)b. 


Se p 


Figure 9.81 


EXECUTE: The strip has area x dy and the area of the sign is +bh, so the mass of the strip is 


dm=M x dy -M yb t) -HL a 
bh h bh h? 


2 
at samy =| 2 J dy 
h 2Mb? çh , 2Mb° (1 agn) 1.25 
hds gly Ogg? a 


(b) 7 =4Mb* =2.304 kg -m° 

@ = 2.00 rev/s = 4.007 rad/s 

K =4]@° =182 J 

EVALUATE: From Table (9.2), if the sign were rectangular, with length b, then J =} Mb°. Our result is one-half 


this, since mass is closer to the axis for the triangular than for the rectangular shape. 
IDENTIFY: Apply conservation of energy to the system. 


SET Up: For the falling mass K =4mv’ . For the wheel K =1/a”’. 
EXECUTE: (a) The kinetic energy of the falling mass after 2.00 mis K =4mv* = +(8.00 kg) (5.00 m/s)" =100 J. 
The change in its potential energy while falling is mgh = (8.00 kg)(9.8 m/s”) (2.00 m) =156.8 J . The wheel must 


have the “missing” 56.8 J in the form of rotational kinetic energy. Since its outer rim is moving at the same speed 


as the falling mass, 5.00 m/s, v=ra@gives @= as 3.00 m/s 


=13.51 rad/s. K le therefore 
r 0370m 2 


pa 2K __ 2(56.85) = 0.622 kg-m?. 


2 


@ (13.51 rad/s)” 


(b) The wheel’s mass is (280 N)/(9.8 m/ s?) =28.6 kg . The wheel with the largest possible moment of inertia 
would have all this mass concentrated in its rim. Its moment of inertia would be 
I = MR’ =(28.6 kg)(0.370 m} =3.92 kg-m’ . The boss’s wheel is physically impossible. 
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EVALUATE: Ifthe mass falls from rest in free-fall its speed after it has descended 2.00 m is 

v =,/2g(2.00 m) =6.26 m/s . Its actual speed is less because some of the energy of the system is in the form of 
rotational kinetic energy of the wheel. 

IDENTIFY: Use conservation of energy. The stick rotates about a fixed axis so K =4/J@*. Once we have œ use 


v=rq@ to calculate v for the end of the stick. 
SET Up: The object is sketched in Figure 9.83. 


y 


cm 


Take the origin of coordinates at the lowest point reached by 


cm 1.00 m the stick and take the positive y-direction to be upward. 


0.500 m 


Figure 9.83 
EXECUTE: (a) Use Eq.(9.18): U = Mgy,,, 
AU =U, =U, = M8(Von ~ Vem) 
The center of mass of the meter stick is at its geometrical center, so 
Vem) =1.00 M and Yam =0.50 m 


Then AU =(0.160 kg)(9.80 m/s”)(0.50 m —1.00 m) =-0.784 J 
(b) Use conservation of energy: K, +U, +W iner =K,+U, 
Gravity is the only force that does work on the meter stick, so 
K,=0. 

Thus K, =U,—U,=—AU, where AU was calculated in part (a). 
K, =41o so Ło =—-AU and o, =./2(-AU)/T 


For stick pivoted about one end, J = 1 MP where L=1.00 m, so 


QO, = E = | OOED = 5.42 rad/s 


=0. 


other 


ML (0.160 kg)(1.00 m)? 
(c) v=r@=(1.00 m)(5.42 rad/s) = 5.42 m/s 
(d) For a particle in free-fall, with +y upward, 
%, =0; y—y, =—1.00 m; a, =-9.80 m/s*; v =? 


y 


vy = Vis +2a,(y—yo) 


v, =— 2a, (Y = y)) =-¥2(-9.80 m/s”)(-1.00 m) = ~4.43 m/s 


EVALUATE: The magnitude of the answer in part (c) is larger. U 


is the same for the stick as for a particle 


1, grav 
falling from a height of 1.00 m. For the stick K =+ œ} = 4(4ML’)(v/L) =1Mv’. For the stick and for the 


particle, K, is the same but the same K gives a larger v for the end of the stick than for the particle. The reason is 


that all the other points along the stick are moving slower than the end opposite the axis. 

IDENTIFY: Apply conservation of energy to the system of cylinder and rope. 

SETUP: Taking the zero of gravitational potential energy to be at the axle, the initial potential energy is zero (the 
rope is wrapped in a circle with center on the axle).When the rope has unwound, its center of mass is a distance 

TR below the axle, since the length of the rope is 27R and half this distance is the position of the center of the 
mass. Initially, every part of the rope is moving with speed œR, and when the rope has unwound, and the cylinder 
has angular speed ø, the speed of the rope is @R (the upper end of the rope has the same tangential speed at the 


edge of the cylinder). 7 = (1/ 2)MR° for a uniform cylinder, 
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EXECUTE: K,=K,+U,,. (2+2) Rœ = (#2) R’o -mgzR. Solving for æ gives 


eis (4zmg/R) 
PTT (M +2m) 


| 2 pia 
EVALUATE: When m>0, @ >o .When m>>M , @=,| 0; m and v =4/v; +27gR . This is the final 


speed when an object with initial speed v, descends a distance 7R . 


, and the speed of any part of the rope is v = ØR. 


IDENTIFY: Apply conservation of energy to the system consisting of blocks A and B and the pulley. 
SET Up: The system at points 1 and 2 of its motion is sketched in Figure 9.85. 


y 


Figure 9.85 


Use the work-energy relation K, +U, +W ner = K, +U,. Use coordinates where +y is upward and where the origin 


is at the position of block B after it has descended. The tension in the rope does positive work on block A and 
negative work of the same magnitude on block B, so the net work done by the tension in the rope is zero. Both 
blocks have the same speed. 

EXECUTE: Gravity does work on block B and kinetic friction does work on block A. Therefore 

Warner =W; = —4m,gd. 

K, =0 (system is released from rest) 

U, =Mz8Vp, =mggd; U,=m,gy,, =0 

K, =4m,v, +4m,v, +H}. 

But v(blocks) = Ra(pulley), so @,=v,/R and 


K, =1(m,+m,)v; +41 (v,/RY =4(m, +m, +1/R’ vs 
Putting all this into the work-energy relation gives 
m,gd — u,m,gd =1(m,+m, +1/R* v5 


(m; +m, +1/R’)v, =2gd(m, - 4,m,) 


oe 2gd(m, ~ 4M4) 
m,+m,+1/R? 
EVALUATE: If m, >>m, and I/R*, then v, =./2gd; block B falls freely. If J is very large, v, is very small. 


Must have m, > 44m, for motion, so the weight of B will be larger than the friction force on A. I/R? has units of 


mass and is in a sense the “effective mass” of the pulley. 

IDENTIFY: Apply conservation of energy to the system of two blocks and the pulley. 

SET Up: Let the potential energy of each block be zero at its initial position. The kinetic energy of the system is 
the sum of the kinetic energies of each object. v = Ræ , where v is the common speed of the blocks and ø is the 
angular velocity of the pulley. 

EXECUTE: The amount of gravitational potential energy which has become kinetic energy is 


K =(4.00 kg—2.00 kg)(9.80 m/s? )(5.00 m) =98.0 J. In terms of the common speed v of the blocks, the kinetic 


2 
energy of the system is K = Lon +m,)v" 4 =f z) ; 


_ (0.480 kg-m’) 


K=» 1| 4.00 kg +2.00 kg + 5 aM 
2 (0.160 m) 


12.4 kg 


=v (12.4 kg). Solving for v gives v= = 2.81 m/s. 
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EVALUATE: Ifthe pulley is massless, 98.0 J =4(4.00 kg + 2.00 kg)v’ and v=5.72 m/s. The moment of inertia 


of the pulley reduces the final speed of the blocks. 
IDENTIFY and SETUP: Apply conservation of energy to the motion of the hoop. Use Eq.(9.18) to calculate U pav- 


Use K =1J a” for the kinetic energy of the hoop. Solve for œ. The center of mass of the hoop is at its geometrical 


center. 


Take the origin to be at the original location 
R of the center of the hoop, before it is rotated 
to one side, as shown in Figure 9.87. 


Figure 9.87 
Yom = R- Roos 2 = R(1—cos 2) 
Yam = 9 (at equilibrium position hoop is at original position) 
=K,+U, 
W ner =0 (only gravity does work) 


EXECUTE: K,+U,+W.,.. 
K, =0 (released from rest), K, = Ho} 

For a hoop, Lom = MR’, so I = Md? + MR? with d=R and I =2MR’, for an axis at the edge. Thus 
K, =4(2MR’)@; = MR’o;. 

U, = Mey .n, = MgR(l -cos p), U, = MY =9 

Thus K, +U, +W, 


other 


MgR(1—cos 8) = MR’; and w=./g(1—cos B)/R 


EVALUATE: If #=0, then w,=0. As # increases, œ, increases. 


=K,+U, gives 


; . ener. 
IDENTIFY: K = tla , with @ inrad/s. P= energy 


SET UP: Fora solid cylinder, / = + MR? . 1 rev/min = (27/60) rad/s 
EXECUTE: (a) @ =3000 rev/min =314 rad/s. J =4(1000 kg)(0.900 m)? = 405 kg -m° 
K =1(405 kg-m’)(314 rad/s)’ =2.00x10’ J. 
(b) pai ION ria s=17.9 min. 
P 1.86x10"° W 
EVALUATE: In K=Ł}I@ ,we mustuse @in rad/s. 
IDENTIFY: J=ZJ,+J,. Apply conservation of energy to the system. The calculation is similar to Example 9.9. 


SETUP: œ= for part (b) and w= for part (c). 
R R, 


EXECUTE: (a) I= Lur ' Lur = (0.80 kg)(2.50x10° m)? + (1.60 kg)(5.00x107 m)’) 


IT =2.25x10° kg-m’. 


(b) The method of Example 9.9 yields v= 2gh i 
1+(1/mR°) 
2 
= 280 m/s )(2.00 m) — =3.40 m/s. 
(1+((2.25x10° kg-m’)/(1.50 kg)(0.025 m))) 


The same calculation, with R, instead of R, gives v=4.95 m/s. 
EVALUATE: The final speed of the block is greater when the string is wrapped around the larger disk. v = R@, so 
when R = R, the factor that relates v to wis larger. For R = R, a larger fraction of the total kinetic energy resides 
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with the block. The total kinetic energy is the same in both cases (equal to mgh), so when R = R, the kinetic energy 


and speed of the block are greater. 
IDENTIFY: Apply conservation of energy to the motion of the mass after it hits the ground. 


2gh 


SET Up: From Example 9.9, the speed of the mass just before it hits the ground is v = ,/——°—_ . 
1+M/2m 


2 
EXECUTE: (a) In the case that no energy is lost, the rebound height h’ is related to the speed v by h'= = , and 
g 


: zh aay ia h 
with the form for v given in Example 9.9, h' = T M2m 


(b) Considering the system as a whole, some of the initial potential energy of the mass went into the kinetic energy 
of the cylinder. Considering the mass alone, the tension in the string did work on the mass, so its total energy is not 
conserved. 

EVALUATE: Ifm>>M , h'=h and the mass does rebound to its initial height. 

IDENTIFY: Apply conservation of energy to relate the height of the mass to the kinetic energy of the cylinder. 
SETUP: First use K (cylinder) =250 J to find æ for the cylinder and v for the mass. 


EXECUTE: J =1MR’ =1(10.0 kg)(0.150 m)? =0.1125 kg-m? 
K =o so @=~V2K/I =66.67 rad/s 


v= Rø =10.0 m/s 
SETUP: Use conservation of energy K, +U, =K, +U, to solve for the distance the mass descends. Take y = 0 


at lowest point of the mass, so y, =0 and y, =A, the distance the mass descends. 
EXECUTE: K,=U,=0 so U,=K,. 
mgh =1mv* +4I@’, where m=12.0 kg 


For the cylinder, I = + MR?* and w=v/R, so Io = 1Mv’. 


EVALUATE: For the cylinder K,,, =1]@ = 4(£MR’)(v/ RY =i Mv’. 


K =1mv’, so K 


mass 


=(2m/M)K, 


cyl 


=[2(12.0 kg)/10.0 kg](250 J) = 600 J. The mass has 600 J of kinetic energy 
when the cylinder has 250 J of kinetic energy and at this point the system has total energy 850 J since U, =0. 


mass 


Initially the total energy of the system is U, = mgy, = mgh =850 J, so the total energy is shown to be conserved. 


IDENTIFY: Energy conservation: Loss of U of box equals gain in K of system. Both the cylinder and pulley have 


1 


1 1 
i i ol 2 = 2 2 2 
kinetic energy of the form K =510°. mogh = J Mvox¥box +5 Futey putes + a cylinder Qoytinder * 


v v 
. — _ Box a Box 
SETUP: Q@u.) = ; and Oyinder = . 


p cylinder 


2 2 
1 1/1 v 1/1 v 1 1 1 
EXECUTE: m,gh = MeV + Gad (2) H 2 (mer? (>) . mgh = 7 aa H gee H gos and 


2 
pe mgh | - [jen kg)(9.80 al U50 _ 5 68 m/s. 
zm, t3M, t3 Me 1.50 kg +4(7.00 kg) 


EVALUATE: Ifthe box was disconnected from the rope and dropped from rest, after falling 1.50 m its speed 
would be v =4/2g(1.50 m) = 5.42 m/s. Since in the problem some of the energy of the system goes into kinetic 
energy of the cylinder and of the pulley, the final speed of the box is less than this. 


IDENTIFY: J=J,,, —J,,., Where J,,,,is Z for the piece punched from the disk. Apply the parallel-axis theorem to 


hole 
calculate the required moments of inertia. 


SET Up: Fora uniform disk, J = 4+MR?* S 
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oe À M 
EXECUTE: (a) The initial moment of inertia is 7, =+MR°. The piece punched has a mass of 16 and a moment 
of inertia with respect to the axis of the original disk of 
2 2 
M\1(R R\ J 9 MR. 
16] 2\.4 2 512 
9 MR? = 247 

512 512 


The moment of inertia of the remaining piece is then J = = MR MR’. 


(b) I =4.MR* +M(R/2) -4(M/16)(R/4)? = 383M’. 
EVALUATE: For a solid disk and an axis at a distance R/2 from the disk's center, the parallel-axis theorem gives 


I =4MR* =3MR? =34 MR? . For both choices of axes the presence of the hole reduces J, but the effect of the hole 


~ 512 


is greater in part (a), when it is farther from the axis. 
IDENTIFY: In part (a) use the parallel-axis theorem to relate the moment of inertia /,,, for an axis through the 


center of the sphere to J, , the moment of inertia for an axis at the pivot. 
SET Up: / for a uniform solid sphere and the axis through its center is 2MR’. I for a slender rod and an axis at 
one end is tml? , where m is the mass of the rod and Z is its length. 


EXECUTE: (a) From the parallel-axis theorem, the moment of inertia is 7, = (2/5)MR* + ML’, and 


5 
(b) (Loa / MP) =(m,,4/3M), which is 0.33% when m,,, =(0.0DM. 


EVALUATE: In both these cases the correction to J = MI’ is very small. 

IDENTIFY: Follow the instructions in the problem to derive the perpendicular-axis theorem. Then apply that 
result in part (b). 

SETUP: I= Emy . The moment of inertia for the washer and an axis perpendicular to the plane of the washer 


i 


2 
r= í H (2\4) } If R=(0.05)L, the difference is (2/5)(0.05)’ =0.001 = 0.1%. 


rod 


at its center is +M (Rf + R>) . In part (b), / for an axis perpendicular to the plane of the square at its center is 
2 2: 

ELM(L+L’)=1ML’. 

EXECUTE: (a) With respect to O, 7? =x,’ +y; , and so 


l= mr; = Ema +y;) = Emx? +) my, =I, +2, 


(b) Two perpendicular axes, both perpendicular to the washer’s axis, will have the same moment of inertia about 
those axes, and the perpendicular-axis theorem predicts that they will sum to the moment of inertia about the 


washer axis, which is Z =}4M (R? +R’), andso J, = I, = 1M(R? +R). 
(c) 1, =4mL’. Since I, =Z, +1,, and/, =,, both /, and7, must be 75 mL. 


EVALUATE: The result in part (c) says that Z is the same for an axis that bisects opposite sides of the square as for 
an axis along the diagonal of the square, even though the distribution of mass relative to the two axes is quite 
different in these two cases. 

IDENTIFY: Apply the parallel-axis theorem to each side of the square. 

SET Up: Each side has length a and mass M /4, and the moment of inertia of each side about an axis 


perpendicular to the side and through its center is 44Ma’ =, Ma’. 


EXECUTE: The moment of inertia of each side about the axis through the center of the square is, from the 
Ma? , M (a) — Ma’ 
48 4\2 12 

Ma? _ Ma? 
12 3° 
EVALUATE: Ifall the mass of a side were at its center, a distance a/2 from the axis, we would have 
M\(a 1 


2 
I= a(s) = ge . If all the mass was divided equally among the four corners of the square, a distance 


. The total moment of inertia is the sum of the contributions 


perpendicular axis theorem, 


from the four sides, or 4x 


2 
a/2 from the axis, we would have J = (*\+) = Ma’ . The actual J is between these two values. 


a 


9-26 


Chapter 9 


9.97. 


9.98. 


9.99. 


IDENTIFY: Use Eq.(9.20) to calculate J. 
(a) SET Up: Let ZL be the length of the cylinder. Divide the cylinder into thin cylindrical shells of inner radius r 
and outer radius r +dr. An end view is shown in Figure 9.97. 


p=ar 
The mass of the thin cylindrical shell is 
dm = p dV = p(2ar dr)L =2naLr’ dr 


Figure 9.97 
R 
EXECUTE: 7 =Í r’ dm= 2naLI rê dr = 2naL(+R*) =27aLR° 
a 2 3 3 3 
Relate M to a: M =Í dm= 2naLI r° dr =27aL (4R )= 27aLR , so 7aLR° =3M/2. 


Using this in the above result for / gives Z = 2(3M /2)R* =2.MR’. 


(b) EVALUATE: Fora cylinder of uniform density J =4MR*. The answer in (a) is larger than this. Since the 


density increases with distance from the axis the cylinder in (a) has more mass farther from the axis than for a 
cylinder of uniform density. 

IDENTIFY: Write K in terms of the period T and take derivatives of both sides of this equation to relate dK /dt to 
dT/dt. 


SET UP: o= Z and K =41q@” . The speed of light is c =3.00x10° m/s . 


27I dK _ 4rIdT 4n°I dT 


EXECUTE: (a) K= . The rate of energy loss is F Solving for the moment of 


T? dt T? T? 
inertia J in terms of the power P, 
3 31 3 
-27 1 (5x10 PODLE) Is -—=1.09x10*" kgm? 
4r dT/dt 4r 4.22x10-" s 
38 2 
(by Raa [2008x107 ke 9 9x10? m, about 10 km. 
2M 2(1.4)(1.99 x10" kg) 
3 
(eee oir le ie 
T (0.0331 s) 
M M 17 3 hi . : : 
(d) p= y = rI =6.9x10 kg/m , which is much higher than the density of ordinary rock by 14 orders of 
T 


magnitude, and is comparable to nuclear mass densities. 

EVALUATE: / is huge because M is huge. A small rate of change in the period corresponds to a large release of 
energy. 

eee In part (a), do the calculations as specified in the hint. In part (b) calculate the mass of each shell of 
inner radius R, and outer radius R, and sum to get the total mass. In part (c) use the expression in part (a) to 
calculate J for each shell and sum to get the total 7. 

SETUP: m=pV . Fora solid sphere, V = 47R° ; 

EXECUTE: (a) Following the hint, the moment of inertia of a uniform sphere in terms of the mass density is 

I =ŻMR° =< 7pR’, and so the difference in the moments of inertia of two spheres with the same density p but 
different radii R, and R, is I = p(87/15)(R> - R°). 

(b) A rather tedious calculation, summing the product of the densities times the difference in the cubes of the radii 
that bound the regions and multiplying by 47/3, gives M =5.97x10™ kg. 

(c) A similar calculation, summing the product of the densities times the difference in the fifth powers of the radii 
that bound the regions and multiplying by 82/1 5, gives Z =8.02x10” kg-m* =0.334MR’. 

EVALUATE: The calculated value of J = 0.334MR’ agrees closely with the measured value of 0.3308MR?’ . This 
simple model is fairly accurate. 
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2.22, 4 
SETUP: Letz be the coordinate along the vertical axis. r(z) = a . dm = 7p E EMR 


EXECUTE: ee” "Ad sakya 


z =— = A aR . The volume of a right circular cone is 
2 oa 10 h° 


o 10 


2 
V =1xR°h, the mass is tzpR°h andso I= 2 te = MR. 


EVALUATE: For a uniform cylinder of radius R and for an axis through its center, J =4MR?. I for the cone is 


less, as expected, since the cone is constructed from a series of parallel discs whose radii decrease from R to zero 
along the vertical axis of the cone. 
9.101. IDENTIFY: Follow the steps outlined in the problem. 


SETUP: @,=d0/dt. a,=d’a,/dt’. 
EXECUTE: (a) ds =r d0 =r d0+ BO d0 sos(0)= noe . 0 must be in radians. 


(b) Setting s = vt =7,0 Be gives a quadratic in 0 . The positive solution is 


6(t) A +2 Bvt -n | l 


(The negative solution would be going backwards, to values of r smaller than 7 .) 


2 
(c) Differentiating, @,(t) = a = Y a= ao: = fe The angular acceleration a, is not 


dt fetge © d (2 2B)” 
constant. 


(d) 7, =25.0 mm. @ must be measured in radians, so 2 =(1.55 wm/rev)(1 rev/2z rad) = 0.247 um/rad. Using 

O(t) from part (b), the total angle turned in 74.0 min = 4440 s is 

gamm nm 
2.47 x10” m/rad 

0= 1.337 x10" rad, which is 2.13x10* rev. 


(e) The graphs are sketched in Figure 9.101. 
EVALUATE: æ, must decrease as r increases, to keep v = rø constant. For @, to decrease in time, œ, must be 


(Jle47x107mvraa)(1.25 m/s)(4440 s) +(25.0x10°m) -25.0x10° m| 


negative. 
50 0 


40 —0.005 
ev, ` rad 0.01 
w, (E) C2 ) 
20 i i l 0.015 
10 $ i 0.02 
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 


t(s) t(s) 


Figure 9.101 


DYNAMICS OF ROTATIONAL MOTION 


10.1. IDENTIFY: 


Use Eq.(10.2) to calculate the magnitude of the torque and use the right-hand rule illustrated in 
Fig.(10.4) to calculate the torque direction. 


(a) SETUP: Consider Figure 10.1a. 
A EXECUTE: Tt=F] 
Po b= 90° l=rsing = (4.00 m)sin90° 
SOR “| B 1=4.00 m 
Tt = (10.0 N)(4.00 m) = 40.0 N-m 


axis 


ee 


e 
Figure 10.1a 


This force tends to produce a counterclockwise rotation about the axis; by the right-hand rule the vector 7 is 
directed out of the plane of the figure. 


(b) SET Up: Consider Figure 10.1b. 
: EXECUTE: 7t=F/ 


‘ae /=rsing = (4.00 m)sin120° 
b= 12 
— : | =3.464 m 


t = (10.0 N)(3.464 m) =34.6 N-m 
E 
Figure 10.1b 


This force tends to produce a counterclockwise rotation about the axis; by the right-hand rule the vector 7 is 
directed out of the plane of the figure. 


(c) SET Up: Consider Figure 10.1c. 
F 


EXECUTE: t=F! 
-< 4.00m ra Z b= 30° l = rsin ģ = (4.00 m)sin30° 
axis 


1=2.00 m 
— r = (10.0 N)(2.00 m) = 20.0 N -m 


Figure 10.1c 


This force tends to produce a counterclockwise rotation about the axis; by the right-hand rule the vector 7 is 
directed out of the plane of the figure. 


(d) SET Up: Consider Figure 10.1d. 
2.00 m 


(Se ee 


axis _—_—_— EXECUTE: 7= Fl 
r ) p = 60° l =rsinġ = (2.00 m)sin 60° =1.732 m 


t = (10.0 N)(1.732 m) =17.3 N-m 
F 


Figure 10.1d 


the plane of the figure. 


This force tends to produce a clockwise rotation about the axis; by the right-hand rule the vector 7 is directed into 
(e) SET Up: Consider Figure 10.le. 


fF EXECUTE: t=F! 
r=0 so /=0 and r=0 


axis O 


Figure 10.1e 
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10-2 Chapter 10 
(£) SET Up: Consider Figure 10.1f. 
ik F EXECUTE: t=F] 
axis Q — 3 
Te Ce l=rsing, ¢=180°, 
= 180 so /=0 and r=0 
Figure 10.1f 
EVALUATE: The torque is zero in parts (e) and (f) because the moment arm is zero; the line of action of the force 
passes through the axis. 
10.2. IDENTIFY: 7t=F/ with /=rsing. Add the two torques to calculate the net torque. 
SET Up: Let counterclockwise torques be positive. 
EXECUTE: 7, =-=, =-(8.00 N)(5.00 m) =-40.0 N-m. 7, = +F,l, = (12.0 N)(2.00 m)sin30.0° = +12.0 N-m. 
yz =T, +T, =—28.0 N-m. The net torque is 28.0 N-m, clockwise. 
EVALUATE: Even though F < F, , the magnitude of 7, is greater than the magnitude of 7,, because F, has a 
larger moment arm. 
10.3. IDENTIFY and SETUP: Use Eq.(10.2) to calculate the magnitude of each torque and use the right-hand rule 
(Fig.10.4) to determine the direction. Consider Figure 10.3 Y 
- 0.090 m 0.090 m i) 
$i = 135° 
$z = 135° 
F, 
b; = 90° 
Figure 10.3 
Let counterclockwise be the positive sense of rotation. 
EXECUTE: 7, =r, =r, = „(0.090 m)? + (0.090 m)? = 0.1273 m 
m= =F 
l =n sing = (0.1273 m)sin135° = 0.0900 m 
T, =—(18.0 N)(0.0900 m) = -1.62 N -m 
T, is directed into paper 
7, =+hh 
L =r sing, = (0.1273 m)sin135° = 0.0900 m 
T, = +(26.0 N)(0.0900 m) = +2.34 N -m 
T, is directed out of paper 
7, =+ 
L =r sing, = (0.1273 m)sin 90° = 0.1273 m 
T, = +(14.0 N)(0.1273 m) = +1.78 N -m 
T, is directed out of paper 
Yir=t,+7, +7, =-1.62 N-m+2.34 N -m +1.78 N-m=2.50N-m 
EVALUATE: The net torque is positive, which means it tends to produce a counterclockwise rotation; the vector 
torque is directed out of the plane of the paper. In summing the torques it is important to include + or — signs to 
show direction. 
10.4. IDENTIFY: Use T= FI =rF sinģ¢ to calculate the magnitude of each torque and use the right-hand rule to 


determine the direction of each torque. Add the torques to find the net torque. 
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10.5. 


10.6. 


10.7. 


10.8. 


10.9. 


SETUP: Let counterclockwise torques be positive. For the 11.9 N force ( F ), r=0. For the 14.6 N force ( F, ), 
r =0.350 mand ¢ = 40.0° . For the 8.50 N force ( F, ), r =0.350 mand ¢=90.0° 

EXECUTE: 7, =0. 7, =-(14.6 N)(0.350 m)sin 40.0° = -3.285 N-m. 

T, = +(8.50 N)(0.350 m)sin90.0° =+2.975 N-m. Èr =-3,285 N -m + 2.975 N -m = -0.31 N -m .The net torque 


is 0.31 N -m and is clockwise. 
EVALUATE: Ifwe treat the torques as vectors, T, is into the page and 7, is out of the page. 


IDENTIFY and SETUP: Calculate the torque using Eq.(10.3) and also determine the direction of the torque using 
the right-hand rule. 


(a) F =(—-0.450 m)i +(0.150 m)j; F =(—5.00 N)i + (4.00 N)j. The sketch is given in Figure 10.5. 


y 


Figure 10.5 


EXECUTE: (b) When the fingers of your right hand curl from the direction of F into the direction of F (through 
the smaller of the two angles, angle ¢) your thumb points into the page (the direction of 7, the —z-direction). 


(c) 7=7xF = [ (-0.450 m)i+(0.150 m) i| x[ (5.00 N)i + (4.00 Ni] 


= +(2.25 N-m)i xi —(1.80 N-m)i x j— (0.750 N-m) jx i +(0.600 N-m) j xj 


Thus 7 =—(1.80 N-m)k —(0.750 N-m)(—k) =(-1.05 N- mk. 
EVALUATE: The calculation gives that 7 is in the —z-direction. This agrees with what we got from the right- 


hand rule. 
IDENTIFY: Use T= FI =rF sin ¢ for the magnitude of the torque and the right-hand rule for the direction. 


SET Up: In part (a), r =0.250 mand ¢=37° 

EXECUTE: (a) 7 =(17.0 N)(0.250 m)sin37° = 2.56 N-m. The torque is counterclockwise. 

(b) The torque is maximum when ¢=90° and the force is perpendicular to the wrench. This maximum torque is 
(17.0 N)(0.250 m)=4.25N-m. 


EVALUATE: Ifthe force is directed along the handle then the torque is zero. The torque increases as the angle 
between the force and the handle increases. 


IDENTIFY: Apply $ t, =Ja, . 


SETUP: @,=0. a, =(400 revimin){ Zz aker ) =41.9 rad/s 
E 60 s/min 
EXECUTE: r, =la, = 12 Pe (2.50 kg in?) nigi N-m. 
<: 8.00 s 


EVALUATE: In t, =/@_, æ, must be in rad/s’. 


IDENTIFY: Use a constant acceleration equation to calculate œ, and then apply Èr, =la,. 
SETUP: 1 =2MR’ +2mR’, where M =8.40 kg, m = 2.00 kg, so Z =0.600 kg-m’. 

@o, = 75.0 rpm = 7.854 rad/s; œ, = 50.0 rpm = 5.236 rad/s; t =30.0 s. 

EXECUTE: @,=@, +a, gives a, =—0.08726 rad/s”. t, = Ja, =—0.0524N-m 


EVALUATE: The torque is negative because its direction is opposite to the direction of rotation, which must be 
the case for the speed to decrease. 


IDENTIFY: Use Èr, = Iq, to calculate a . Use a constant angular acceleration kinematic equation to relate @, , 
@, and t. 


SET Up: For a solid uniform sphere and an axis through its center, J =2MR’ . Let the direction the sphere is 


spinning be the positive sense of rotation. The moment arm for the friction force is / = 0.0150 m and the torque due 
to this force is negative. 
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Chapter 10 


10.10. 


10.11. 


10.12. 


T, _ -(0.0200 N)(0.0150 m) _ 


EXECUTE: (a) œ, = 5 = =—14.8 rad/s’ 
I 2(0.225 kg)(0.0150 m) 
Í = —22. 
(b) @, —@, =—-22.5 rad/s. 0, =@,+a,t gives t=- Po: 2 mus =1.52 s 
í a, —14.8 rad/s 


EVALUATE: The fact that @, is negative means its direction is opposite to the direction of spin. The negative 

a, causes @, to decrease. 

IDENTIFY: Apply bes = Ia, to the wheel. The acceleration a of a point on the cord and the angular acceleration 
a of the wheel are related by a=Ra. 

SET Up: Let the direction of rotation of the wheel be positive. The wheel has the shape of a disk and J =4MR°. 


The free-body diagram for the wheel is sketched in Figure 10.10a for a horizontal pull and in Figure 10.10b for a 
vertical pull. P is the pull on the cord and F is the force exerted on the wheel by the axle. 
T, _ (40.0 N)(0.250 m) 


5 = 34.8 rad/s’. a = Ra =(0.250 m)(34.8 rad/s”) = 8.70 m/s’. 
I 4(9.20 kg)(0.250 m) 


EXECUTE: (a) &, = 


(b) F, =-P, F, =-Mg . F =,/P? +(Mgy’ =,|(40.0 N}? + ([9.20 kg][9.80 m/s*])” =98.6 N . 


F, _ Mg _ (9.20 kg)(9.80 m/s’) 
F| P 40.0 N 

is directed at 66.1° above the horizontal, away from the direction of the pull on the cord. 

(c) The pull exerts the same torque as in part (a), so the answers to part (a) don’t change. In part (b), 

F + P = Mg and F = Mg -P = (9.20 kg)(9.80 m/s’) — 40.0 N =50.2 N. The force exerted by the axle has 


magnitude 50.2 N and is upward. 
EVALUATE: The weight of the wheel and the force exerted by the axle produce no torque because they act at the 
axle. 


tan ģ = 


and ¢=66.1° . The force exerted by the axle has magnitude 98.6 N and 


(a) (b) 
Figure 10.10 


IDENTIFY: Use a constant angular acceleration equation to calculate œ, and then apply bas = Ia, to the motion 
of the cylinder. fy = 44n. 
SETUP: 1 =4mR* =4(8.25 kg) (0.0750 m)? =0.02320 kg -m° . Let the direction the cylinder is rotating be 


positive. @,, = 220 rpm = 23.04 rad/s; œ, =0; 0—0, = 5.25 rev = 33.0 rad. 
EXECUTE: @ =% +2a,(0—0,) gives a, = -8.046 rad/s’. Dt, =t, =-f R =-u,nR . Then Jr, =Ia, gives 


cli 
2 


la, 


MR 
EVALUATE: The friction torque is directed opposite to the direction of rotation and therefore produces an angular 
acceleration that slows the rotation. 


=7TATN. 


—,nR = la, and n= 


IDENTIFY: Apply SF = mä to the stone and vs, =a, to the pulley. Use a constant acceleration equation to 
find a for the stone. 
SET Up: For the motion of the stone take +y to be downward. The pulley has J = +MR? .a=Ra. 
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10.13. 


10.14. 


EXECUTE: (a) y- yy) = Vt +tat? gives 12.6 m=4a,(3.00 s) and a, =2.80 m/s? . Then > F, = ma, applied 
to the stone gives mg -T =ma. r, =1a, applied to the pulley gives TR = 4MR*a =4MR*(a/R). T=4Ma. 


Combining these two equations to eliminate T gives 


2 
yoM a -(2oe) anos -\-2.00 ke. 
2\g-a 2 9.80 m/s4 — 2.80 m/s 


b) T =5 Ma =5(10.0 kg)(2.80 m/s?) =14.0 N 


EVALUATE: The tension in the wire is less than the weight mg = 19.6 N of the stone, because the stone has a 
downward acceleration. 
IDENTIFY: Use the kinematic information to solve for the angular acceleration of the grindstone. Assume that the 
grindstone is rotating counterclockwise and let that be the positive sense of rotation. Then apply Eq.(10.7) to 
calculate the friction force and use f, = 4, to calculate 44. 
SETUP: œ, =850 rev/min(2z rad/1 rev)(1 min/60 s) = 89.0 rad/s 
t=7.50s; @,=0 (comes to rest); a, =? 
EXECUTE: @,=@,+@,t 
_ 0—89.0 rad/s _ 
© 750s 
SETUP: Apply bas =Ia, to the grindstone. The free-body diagram is given in Figure 10.13. 


—11.9 rad/s? 


Figure 10.13 


The normal force has zero moment arm for rotation about an axis at the center of the grindstone, and therefore zero 
torque. The only torque on the grindstone is that due to the friction force f, exerted by the ax; for this force the 
moment arm is /=R and the torque is negative. 

EXECUTE: È t, =-f,R=-,nR 


I =4MR’ (solid disk, axis through center) 
Thus bs =Ia, gives —u,nR= (LMR? )a. 


2 
yes MRa, — (50.0 kg)(0.260 m)(—11.9 rad/s“) -0.483 
2n 2(160 N) 
EVALUATE: The friction torque is clockwise and slows down the counterclockwise rotation of the grindstone. 


IDENTIFY: Appl F =ma, to the bucket, with +y downward. Appl t, =Ia, to the cylinder, with the 
pply 5 5 yY pply 2 7 


direction the cylinder rotates positive. 
SETUP: The free-body diagram for the bucket is given in Fig.10.14a and the free-body diagram for the cylinder 


is given in Fig.10.14b. J = +.MR* . a(bucket) = Ra(cylinder) 
EXECUTE: (a) For the bucket, mg —T = ma. For the cylinder, bas =Ila, gives TR=4MR’a. a=a/R then 


gives T =+Ma . Combining these two equations gives mg -+Ma=ma and 


ga ME ar Boks (9.80 m/s”) = 7.00 m/s’. 
m+M/2 \15.0kg+6.0 kg 


T =m(g—a) = (15.0 kg)(9.80 m/s? —7.00 m/s”) = 42.0 N. 
(b) v? =v}, +2a,(y—yp) gives v, =4/2(7.00 m/s?)(10.0 m) =11.8 m/s. 


2(y— Yo) a 22 m) rgo 
a, 7.00 m/s” 


y 


(© a, =7.00 m/s’, v,, =0, y—y, =10.0m. y—y, =v,,t++aL? gives t= 
y 0y 0 0 0y 2" 
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10.15. 


10.16. 


(d) XF, = ma, applied to the cylinder gives n -T -Mg =0 and 
n =T +mg = 42.0 N + (12.0 kg)(9.80 m/s?) =160 N. 


EVALUATE: The tension in the rope is less than the weight of the bucket, because the bucket has a downward 
acceleration. If the rope were cut, so the bucket would be in free-fall, the bucket would strike the water in 


t= ee =1.43 s and would have a final speed of 14.0 m/s. The presence of the cylinder slows the fall of 
: s 


the bucket. 


mg 


(a) (b) 
Figure 10.14 

IDENTIFY: Apply XF = mä to each book and apply Èr, =a, to the pulley. Use a constant acceleration 
equation to find the common acceleration of the books. 
SETUP: m,=2.00 kg, m, =3.00 kg. Let T, be the tension in the part of the cord attached to m, and T, be the 
tension in the part of the cord attached to m, . Let the +x-direction be in the direction of the acceleration of each 
book. a=Ra. 
2(x—X,)) _ 2(1.20 m) 

t? (0.800 s)? 


EXECUTE: (a) x- xX =V),f+4a,t gives a, = =3.75 m/s’. a, =3.75 m/s” so 


T, =ma, =7.50 N and T, =m,(g—a,)=18.2N. 

(b) The torque on the pulley is (T, —T,)R =0.803 N -m, and the angular acceleration is 

a =a, /R =50 rad/s’, so I = t/a =0.016 kg-m’. 

EVALUATE: The tensions in the two parts of the cord must be different, so there will be a net torque on the 
pulley. 

IDENTIFY: Apply YF = ma to each box and Èr = Iæ to the pulley. The magnitude a of the acceleration of 


each box is related to the magnitude of the angular acceleration æ of the pulley by a=Ra. 
SETUP: The free-body diagrams for each object are shown in Figure 10.16a-c. For the pulley, R = 0.250 mand 


I= +MR’. T, and T, are the tensions in the wire on either side of the pulley. m, =12.0 kg , m, =5.00 kg and 
M =2.00 kg. F is the force that the axle exerts on the pulley. For the pulley, let clockwise rotation be positive. 
EXECUTE: (a) pe = ma, for the 12.0 kg box gives T =ma . XF, =ma, for the 5.00 kg weight gives 
m,g-T,=m,a. )\r, = 1a, for the pulley gives (T, -T,)R =(4MR’)a. a = Ræ and T, -T, =4+Ma . Adding these 
three equations gives m,g = (m, +m, +4M)a and 
a -( rh Je -Í 5:00 ke Joso m/s?) = 2.72 m/s? . Then 

m +m, +4M 12.0 kg +5.00 kg +1.00 kg 
T, = ma = (12.0 kg)(2.72 m/s?) =32.6 N . m,g —T, = m,a gives 
T, =m,(g —a) = (5.00 kg)(9.80 m/s’ — 2.72 m/s’) =35.4 N . The tension to the left of the pulley is 32.6 N and 
below the pulley it is 35.4 N. 
(b) a =2.72 m/s” 
(c) For the pulley, FE =ma, gives F, =T, =32.6 N and SF, = ma, gives 
F, = Mg +T, = (2.00 kg)(9.80 m/s*) +35.4 N =55.0 N. 
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10.17. 


10.18. 


10.19. 


EVALUATE: The equation m,g =(m, +m, ++M)a says that the external force m,g must accelerate all three 
objects. 


Figure 10.16 


IDENTIFY: Apply ys, = Ia, to the post and iF = ma to the hanging mass. The acceleration a of the mass has 
the same magnitude as the tangential acceleration a,,, =ra of the point on the post where the string is attached; 
r=1.75 m—0.500 m=1.25m. 

SETUP: The free-body diagrams for the post and mass are given in Figures 10.17a and b. The post has 

1 =5ML’, with M =15.0 kg and L=1.75 m. 


ML’ 
EXECUTE: (a) Èr, = Iq, for the post gives Tr =(4ML’ ja. a=ra so a= “and al ae Je XF. = ma, for 
r r $ 


the mass gives mg —T = ma . These two equations give mg = (m + ML’ /[3r’])a and 


a-( m Je-[ D Joso m/s?) =3.31 m/s. 


m+ML /[3r’] 5.00 kg +[15.0 kg][1.75 m} /3[1.25 m}? 
2 
gaa -331m 2.65 rad/s? . 
r 1.25m 


(b) No. As the post rotates and the point where the string is attached moves in an arc of a circle, the string is no 
longer perpendicular to the post. The torque due to this tension changes and the acceleration due to this torque is 
not constant. 


(c) From part (a), a =3.31 m/s’ . The acceleration of the mass is not constant. It changes as æ for the post changes. 
EVALUATE: At the instant the cable breaks the tension in the string is less than the weight of the mass because 
the mass accelerates downward and there is a net downward force on it. 


Figure 10.17 
IDENTIFY: Apply È r, = Ja, to the rod. 


SET Up: For the rod and axis at one end, J = +MP : 
t Fl 3F 
EXECUTE: @ as aa aa 
I iM? MI 
EVALUATE: Note that @ decreases with the length of the rod, even though the torque increases. 
IDENTIFY: Since there is rolling without slipping, V,m = Rø . The kinetic energy is given by Eq.(10.8). The 
velocities of points on the rim of the hoop are as described in Figure 10.13 in chapter 10. 
SETUP: @=3.00 rad/s and R =0.600 m. For a hoop rotating about an axis at its center, J = MR’. 
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10.20. 


10.21. 


10.22. 


EXECUTE: (a) v, = Rø = (0.600 m)(3.00 rad/s) = 1.80 m/s. 
(b) K =4Mv2, +41@° =} Mvi, +4(MR’\v,,,/R’) = Mvi, = (2.20 kg)(1.80 m/s)? =7.13 J 


cm cm 


(c) (i) v=2v,,, =3.60 m/s. V is to the right. (ii) v=0 


iii) v=? +v? =v? +(Ros =V/2v. =2.55 m/s. ¥ at this point is at 45° below the horizontal. 
cm tan cm cm p 


(d) To someone moving to the right at v = v.» , the hoop appears to rotate about a stationary axis at its center. 


(i) v = Ræ =1.80 m/s , to the right. (ii) v=1.80 m/s , to the left. (iii) v=1.80 m/s , downward. 

EVALUATE: For the special case of a hoop, the total kinetic energy is equally divided between the motion of the 
center of mass and the rotation about the axis through the center of mass. In the rest frame of the ground, different 
points on the hoop have different speed. 
IDENTIFY: Only gravity does work, so W. 


other 
= 2 1 2 
K, =5MVin + aL - 


cm 


=0 and conservation of energy gives K,+U,=K,+U,. 


SETUP: Let y,=0,so U,=0 and y; =0.750 m. The hoop is released from rest so K, =0. Vm =R@. Fora 
hoop with an axis at its center, J,,, = MR? . 


EXECUTE: (a) Conservation of energy gives U, = K;. K, =4MR’@’ +4(MR’)o* = MR’@’ , 80 MR’a” = Mgy,. 


2 

aN (9.80 m/s?)(0.750 m) 

R 0.0800 m 
(b) v = Ra = (0.0800 m)(33.9 rad/s) = 2.71 m/s 
EVALUATE: An object released from rest and falling in free-fall for 0.750 m attains a speed of 
/2g(0.750 m) =3.83 m/s . The final speed of the hoop is less than this because some of its energy is in kinetic 
energy of rotation. Or, equivalently, the upward tension causes the magnitude of the net force of the hoop to be less 
than its weight. 
IDENTIFY: Apply Eq.(10.8). 
SET Up: For an object that is rolling without slipping, Vn = Ro. 


= 33.9 rad/s . 


EXECUTE: The fraction of the total kinetic energy that is rotational is 
(1/2) Zan” 7 1 7 1 
(1/2) Mv, +(1/2)Ln@ = (MIT gy) Vy!” 1+ (MR? T.,) 


(a) Z, =(1/2)MR’, so the above ratio is 1/3. 

(b) J.,, =(2/5)MR’ so the above ratio is 2/7. 

(€) Ion =(2/3)MR’ so the ratio is 2/5. 

(d) Z = (5/8)MR’ so the ratio is 5/13. 

EVALUATE: The moment of inertia of each object takes the form J = BMR? . The ratio of rotational kinetic 


acs 
1+1/8 1+2 


IDENTIFY: Appl F = mä to the translational motion of the center of mass and Y` r, = Iæ, to the rotation 
pply z 


energy to total kinetic energy can be written as 


. The ratio increases as 2 increases. 


about the center of mass. 
SETUP: Let +x be down the incline and let the shell be turning in the positive direction. The free-body diagram 


for the shell is given in Fig.10.22. From Table 9.2, I „ =2mR°. 
EXECUTE: XF, =ma, gives mgsin J- f =ma,, . DE =la, gives fR=(2mR’)a. With a=a,,,/R this 


becomes f =2ma,,,. Combining the equations gives mg sin 8 —2ma,,, =Ma, and 


” 2 : ° 
ewes ne zA me Jen ) 3.62 mis’. f =2ma,, =2(2.00 kg)(3.62 m/s) = 4.83 N. The friction is 


3 ; EN : ° 483N 
static since there is no slipping at the point of contact. n=mgcosB=1545N. “= £ E z N 
n 

(b) The acceleration is independent of m and doesn’t change. The friction force is proportional to m so will double; 


f =9.66 N . The normal force will also double, so the minimum x, required for no slipping wouldn’t change. 


=0.313. 
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EVALUATE: If there is no friction and the object slides without rolling, the acceleration is gsin f . Friction and 


rolling without slipping reduce a to 0.60 times this value. 
n 


af 
P 
mgsinß AS 
\ 
\ a 
\ 
z 


mg -7 
7 


> mgcosB 
"i 


Figure 10.22 
10.23. IDENTIFY: Apply Z ain =ma,,, and Èr =] „æ, to the motion of the ball. 


em z 


(a) SET Up: The free-body diagram is given in Figure 10.23a. 


ae ee EXECUTE: J F, =ma, 
n=mgcos@ and f, = umg cos 


š DF, =a, 


mg cos amg sin mg sin 0 — umg cos 0 = ma 


mg g(sind — u, cos@) =a (eq. 1) 
Figure 10.23a 


SET Up: Consider Figure 10.23b. 


nand mg act at the 
center of the ball and 
provide no torque 


mg 


Figure 10.23b 


EXECUTE: ) r= r,=s,mgcosOR; I =2mR? 

Yt, =Lin@, gives mg cosOR = 2mR*a 

No slipping means æ =a/R, so u4,gc0s0 =2a (eq.2) 

We have two equations in the two unknowns a and y,. Solving gives a=4gsin@ and 

L, = +tan 6 =2tan 65.0° = 0.613 

(b) Repeat the calculation of part (a), but now J =2mR*. a=2gsin@ and u, =2tand =2tan65.0° =0.858 
The value of yz, calculated in part (a) is not large enough to prevent slipping for the hollow ball. 


(c) EVALUATE: There is no slipping at the point of contact. More friction is required for a hollow ball since for a 
given m and R it has a larger J and more torque is needed to provide the same œ. Note that the required yu, is 


independent of the mass or radius of the ball and only depends on how that mass is distributed. 
10.24. IDENTIFY: Apply conservation of energy to the motion of the marble. 


SETUP: K=4mv’+1lo@°, with 1=2MR’. v,, =Ro for no slipping . Let y = (Oat the bottom of the bowl. The 
marble at its initial and final locations is sketched in Figure 10.24. 


10-10 Chapter 10 
EXECUTE: (a) Motion from the release point to the bottom of the bowl: mgh = jm + H a. 
2 
mgh = La H (Zmar |=) and v= Ma ; 
2 2\5 R 7 
Motion along the smooth side: The rotational kinetic energy does not change, since there is no friction torque on 
z 10 h 
the marble, l mv +K „ =mgh'+K,,. h' =! .78 =e) 
2 2g 2g 7 
(b) mgh=mgh'so h'=h. 
EVALUATE: (c) With friction on both halves, all the initial potential energy gets converted back to potential 
energy. Without friction on the right half some of the energy is still in rotational kinetic energy when the marble is 
at its maximum height. 
m 
h 
K 
Rough Smooth 
(no slipping) 
Figure 10.24 
10.25. IDENTIFY: Apply conservation of energy to the motion of the wheel. 
SETUP: The wheel at points 1 and 2 of its motion is shown in Figure 10.25. 
w,=0 
Take y =0 at the center 
of the wheel when it is at 
the bottom of the hill. 
x 
Figure 10.25 
The wheel has both translational and rotational motion so its kinetic energy is K = Im + t Mva: 
EXECUTE: K +U, +W ine =K +U, 
Winer = Waie =—3500 J (the friction work is negative) 
K, =41o@, +4Mv; v=Ro and I =0.800MR’ so 
K, =+(0.800)MR*a; +4MR’a, =0.900MR œ 
K,=0, U, =0, U,=Mgh 
Thus 0.900MR°@? + W,,. = Mgh 
M =w/ g =392 N/(9.80 m/s’) = 40.0 kg 
pes 0.900MR’*a@; + Wai 
Mg 
h= (0.900)(40.0 kg)(0.600 m)?(25.0 rad/s)? -3500 J _ 17m 
(40.0 kg)(9.80 m/s’) 
EVALUATE: Friction does negative work and reduces h. 
10.26. IDENTIFY: Apply XT =Ia, and XF =mä to the motion of the bowling ball. 


SETUP: a, =Ra. f, = yn. Let +x be directed down the incline. 


EXECUTE: (a) The free-body diagram is sketched in Figure 10.26. 
The angular speed of the ball must decrease, and so the torque is provided by a friction force that acts up the hill. 


(b) The friction force results in an angular acceleration, given by Ja = fR. XF = mä applied to the motion of the 


center of mass gives mgsin J — f = ma,,, and the acceleration and angular acceleration are related by a,,, = Ra . 


Combining, mgsin 2 =ma{ 1+ rs }=ma(7/5) . Aon = (5/7) gsin £. 
m 
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F ; : 2. 2 : 
(c) From either of the above relations between fand a,,,, f= 5 em = Aang sin J < un = umg cos p . 


4, 2 (2/7)tanZ. 
EVALUATE: If 4 =0, a,, =mgsin£ . ais less when friction is present. The ball rolls farther uphill when 


friction is present, because the friction removes the rotational kinetic energy and converts it to gravitational 


potential energy. In the absence of friction the ball retains the rotational kinetic energy that is has initially. 
n 


y 
Figure 10.26 
10.27. (a) IDENTIFY: Use Eq.(10.7) to find æ, and then use a constant angular acceleration equation to find @,. 
SETUP: The free-body diagram is given in Figure 10.27. 
EXECUTE: Apply NT, =Ia, to find the angular 
acceleration: 
FR=Ia, 
z= FR _ (18.0 N)(2.40 m) 
D i 2100 kg: m° 


= 0.02057 rad/s? 


Figure 10.27 


SETUP: Use the constant œ, kinematic equations to find @,. 
@, =2; @, (initially at rest); œ, =0.02057 rad/s*; t=15.0s 
EXECUTE: ©, =@,+@,t=0+(0.02057 rad/s*)(15.0 s) =0.309 rad/s 


(b) IDENTIFY and SET UP: Calculate the work from Eq.(10.21), using a constant angular acceleration equation to 
calculate 9—@,, or use the work-energy theorem. We will do it both ways. 

EXECUTE: (1) W=7,A@ (Eq.(10.21)) 

A0 =0-0, = ,t+4a,t° =0+4(0.02057 rad/s*)(15.0 s)? =2.314 rad 


t, = FR =(18.0 N)(2.40 m) = 43.2 N-m 
Then W =7,A0@ =(43.2 N-m)(2.314 rad) =100 J. 


or 
(2) Woa =K,—K, (the work-energy relation from chapter 6) 
W „ =W, the work done by the child 


K,=0; K, =4J@* =4(2100 kg-m*)(0.309 rad/s)? = 100 J 
Thus W =100 J, the same as before. 

EVALUATE: Either method yields the same result for W. 
(c) IDENTIFY and SET UP: Use Eq.(6.15) to calculate P, 


EXECUTE: P,= ee 
At 15.0s 


EVALUATE: Work is in joules, power is in watts. 
10.28. IDENTIFY: Apply P=twand W=A0. 
SETUP: P must be in watts, A0 must be in radians, and œ must be in rad/s. 1 rev = 27 rad. 1 hp =746 W . 


=6.67 W 


a rad/s = 30 rev/min . 

P_ (175 hp)(746 W/hp) 

e (2400 revimin)( Z rads 
30 rev/min 


(b) W =1A0 =(519 N-m)(2z rad) = 3260 J 


=519N-m. 


EXECUTE: (a) T= 
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10.29. 


10.30. 


10.31. 


10.32. 


10.33. 


EVALUATE: @=40 rev/s, so the time for one revolution is 0.025 s. P=1.306x10° W , so in one revolution, 
W = Pt =3260 J , which agrees with our previous result. 


IDENTIFY: Apply ea =a, and constant angular acceleration equations to the motion of the wheel. 


SETUP: lrev=2z rad. z rad/s =30 rev/min. 


EXECUTE: (a) t,=J/a,=I -S : 
2 . [| m rad/s 
((1/2)(1.50 kg)(0.100 m)’)(1200 rev/min)| 7—76 
30 rev/min 
T,= =0.377 N-m 
= 2.5s 
600 in)(2. 
(b) gae a Cs ape eee ee 
60 s/min 
(© W =1A0 = (0.377 N-m)(157 rad) =59.2 J . 
2 
(ay KS iw =1(a2y.s kg)(0.100 m)? )| (1200 rev/min)| = wads) 5955, 
2 2 30 rev/min 


the same as in part (c). 

EVALUATE: The agreement between the results of parts (c) and (d) illustrates the work-energy theorem 
IDENTIFY: The power output of the motor is related to the torque it produces and to its angular velocity by 
P=t,o, , where œ, must be in rad/s. 


Zoo a 


6.00 kJ 


SET Up: The work output of the motor in 60.0 s is $(9.00 kJ) =6.00 kJ , so P= ain =100W. 


s 
@, = 2500 rev/min = 262 rad/s . 


EXECUTE: T,= cies a =0.382 N-m 
@, 262 rad/s 


EVALUATE: Fora constant power output, the torque developed decreases and the rotation speed of the motor 
increases. 

IDENTIFY: Apply T =FR and P=ta. 

SETUP: 1lhp=746 W. m rad/s =30 rev/min 

EXECUTE: (a) With no load, the only torque to be overcome is friction in the bearings (neglecting air friction), 
and the bearing radius is small compared to the blade radius, so any frictional torque can be neglected. 

t Plo_ (1.9 hp)(746 W/hp) 


=65.6 N. 
aR 0.086 m) 


F= 
(b) m rad/s 


(2400 rev/min) - 
30 rev/min 


EVALUATE: In P=Jq@, ct must be in watts and œ must be in rad/s. 

IDENTIFY: Apply Xz =a, to the motion of the propeller and then use constant acceleration equations to 
analyze the motion. W = tA@. 

SETUP: J =4mL’ =4(117 kg)(2.08 m} = 42.2 kg-m’. 

T 1950N-m 
TI 42.2kg-m 
(b) o =o}, +2a,(0-0,) gives w=2a0 = [246.2 rad/s?)(5.0 rev)(2 rad/rev) = 53.9 rad/s. 
(c) W =10 = (1950 N -m)(5.00 rev)(2 rad/rev) = 6.13 x10* J. 
O. -0 __53.9 rad/s 2117s. P se 6.13x10* J 

46.2 rad/s? “At 1.17s 


EVALUATE: P=rqtø . Tis constant and ø is linear in t, so P, is half the instantaneous power at the end of the 


5.00 revolutions. We could also calculate W from W = AK = tia’ =1(42.2 kg-m’)(53.9 rad/s)? = 6.13x10* J. 


2 


EXECUTE: (a) @ = 46.2 rad/s’. 


(d) t= =52.5kW. 


(a) IDENTIFY and SET UP: Use Eq.(10.23) and solve for r,. 

P=t,@,, where œ, must be in rad/s 

EXECUTE: @, =(4000 rev/min)(2z rad/1 rev)(1 min/60 s) = 418.9 rad/s 
P _1.50x10° W 


T =— == =358N.m 
@, 418.9 rad/s 
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10.34. 


10.35. 


10.36. 


(b) IDENTIFY and SET UP: Apply YF =ma to the drum. Find the tension T in the rope using t, from part (a). 
The system is sketched in Figure 10.33. 


EXECUTE: vconstant implies a=0 and T =w 


T tT, =TR implies 
T =7,/R=358 N-m/0.200 m=1790 N 
is 
{ LJ Thus a weight w=1790 N can be lifted. 


A 


Figure 10.33 


(c) IDENTIFY and SETUP: Use v= Roa. 

EXECUTE: The drum has æ = 418.9 rad/s, so v= (0.200 m)(418.9 rad/s) = 83.8 m/s 

EVALUATE: The rate at which T is doing work on the drum is P = Tv = (1790 N)(83.8 m/s) =150 kW. This 
agrees with the work output of the motor. 

IDENTIFY: L=J/@ and I= Lix +I 


woman * 


SETUP: @=0.50 rev/s =3.14 rad/s. Lyx =}MıxR and I =m, oR" 


woman woman 


EXECUTE: J = (55 kg + 50.0 kg)(4.0 m)? =1680 kg-m° . L =(1680 kg-m7)(3.14 rad/s) = 5.28x10° kg-m’/s 


EVALUATE: The disk and the woman have similar values of J, even though the disk has twice the mass. 
(a) IDENTIFY: Use L=mvrsing (Eq.(10.25)): 


SET Up: Consider Figure 10.35. 


2 = 143.1° 
ao v EXECUTE: L=mvrsing = 
Or ----- . 
m 365") (2.00 kg)(12.0 m/s)(8.00 m)sin143.1° 
ı l =sin 36.9°= r sin ġ 


L=115 kg-m’ 
H l 5 kg:-m“/s 


axis 
Figure 10.35 
To find the direction of L apply the right-hand rule by turning F into the direction of ¥ by pushing on it with the 


fingers of your right hand. Your thumb points into the page, in the direction of L. 
(b) IDENTIFY and SET UP: By Eq.(10.26) the rate of change of the angular momentum of the rock equals the 
torque of the net force acting on it. 


EXECUTE: 7 =mg(8.00 m)cos36.9° =125 kg-m”/s” 
To find the direction of 7 and hence of dL/dt, apply the right-hand rule by turning F into the direction of the 
gravity force by pushing on it with the fingers of your right hand. Your thumb points out of the page, in the 
direction of dL/dt. 

EVALUATE: L and dL/dt are in opposite directions, so L is decreasing. The gravity force is accelerating the 
rock downward, toward the axis. Its horizontal velocity is constant but the distance / is decreasing and hence L is 
decreasing. 

IDENTIFY: L, =a, 

SET Up: Fora particle of mass m moving in a circular path at a distance r from the axis, J = mr? and v=rq. For 
a uniform sphere of mass M and radius R and an axis through its center, / = 2 MR? . The earth has mass 

m; =5.97x10™ kg, radius R, = 6.38x10° m and orbit radius r = 1.5010" m . The earth completes one rotation 
on its axis in 24 h =86,400 s and one orbit in 1 y =3.156x10" s. 

27 rad 


3.156x10’ s 


The radius of the earth is much less than its orbit radius, so it is very reasonable to model it as a particle for this 
calculation. 


EXECUTE: (a) L, = Iœ, =mr’a, = (5.97 x10” kg)(1.50x10" my =2.67x10" kg-m’/s . 


2a rad 
86,400 s 
EVALUATE: The angular momentum associated with each of these motions is very large. 


(b) L, = 1a, =(2MR’)@ = 2(5.97x10™ kg)(6.38x10° my =7.07 x10” kg-m’/s 
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10.38. 


10.39. 


10.40. 


IDENTIFY and SETUP: Use L=/@ 


EXECUTE: The second hand makes 1 revolution in 1 minute, so 
œ = (1.00 rev/min)(2 z rad/1 rev)(1 min/60 s) = 0.1047 rad/s 


For a slender rod, with the axis about one end, 
I =14ML’ =+(6.00x10° kg)(0.150 m)? =4.50x10° kg -m? 
Then L =J@=(4.50x10~° kg-m’)(0.1047 rad/s) = 4.71x10° kg-m’/s. 


EVALUATE: L is clockwise. 
IDENTIFY: @,=d6/dt. L, =I@,and t,=dL,dt . 


SETUP: For a hollow, thin-walled sphere rolling about an axis through its center, J =?.MR*. R=0.240 m. 
EXECUTE: (a) 4=1.50 rad/s? and B=1.10 rad/s‘, so that (t) will have units of radians. 

(b) (i) a, = £ =2At+4Bť . At t=3.00 s, œ, =2(1.50 rad/s*)(3.00 s) +4(1.10 rad/s*)(3.00 s)? =128 rad/s . 
L, =(2MR’)a, = %(12.0 kg)(0.240 m)’ (128 rad/s) = 59.0 kg-m’/s . 

ee =1(24+12Br’) and 


T, =2(12.0 kg)(0.240 m)*(2[1.50 rad/s*] +12[1.10 rad/s*][3.00 s) =56.1N-m. 


EVALUATE: The angular speed of rotation is increasing. This increase is due to an acceleration a, that is 


os dL 
ii) T, =— =] 
G dt 


produced by the torque on the sphere. When 7 is constant, as it is here, 7, =dL,dt = Id@,/dt = Iæ, and 


Equations (10.29) and (10.7) are identical. 
IDENTIFY: Apply conservation of angular momentum. 


SETUP: For a uniform sphere and an axis through its center, / = 2MR° , 


EXECUTE: The moment of inertia is proportional to the square of the radius, and so the angular velocity will be 
proportional to the inverse of the square of the radius, and the final angular velocity is 


2 5 2 
PTEN R,) _ 2a rad 7.0x10° km = 4,610? rad/s. 
R, (30 d)(86,400 s/d) 16 km 


EVALUATE: K =4/o° =4Lq. Lis constant and ø increases by a large factor, so there is a large increase in the 


rotational kinetic energy of the star. This energy comes from potential energy associated with the gravity force 
within the star. 


IDENTIFY and SET Up: L is conserved if there is no net external torque. 
Use conservation of angular momentum to find @ at the new radius and use K =4/@” to find the change in 


kinetic energy, which is equal to the work done on the block. 
EXECUTE: (a) Yes, angular momentum is conserved. The moment arm for the tension in the cord is zero so this 
force exerts no torque and there is no net torque on the block. 


(b) L,=L, so ,@,=1,@,. Block treated as a point mass, so J =mr’, where r is the distance of the block from the 
hole. 
mr @, = mr, o, 


2 2 
o =|| @ = Ge z) (1.75 rad/s) = 7.00 rad/s 
r, 0.150 m 


(©) K, =}1@; =4mR o? = my, 
v, =7,@, = (0.300 m)(1.75 rad/s) = 0.525 m/s 
K, =4mv; = 5(0.0250 kg)(0.525 m/s)” = 0.00345 J 


1 


1 

2 
al 2 
K, = 7mv, 


v, =r,@, = (0.150 m)(7.00 rad/s) =1.05 m/s 
K, =4mv; = 4(0.0250 kg)(1.05 m/s)” = 0.01378 J 
AK =K, —K, =0.01378 J — 0.00345 J = 0.0103 J 
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10.41. 


10.42. 


10.43. 


10.44. 


10.45. 


(d) Wa =AK 
=W, the work done by the tension in the cord, so W = 0.0103 J 


But W,,, 
EVALUATE: Smaller r means smaller 7. L =/@ is constant so @ increases and K increases. The work done by 
the tension is positive since it is directed inward and the block moves inward, toward the hole. 

IDENTIFY: Apply conservation of angular momentum to the motion of the skater. 


SETUP: For a thin-walled hollow cylinder Z = mR? . For a slender rod rotating about an axis through its center, 
T=tml’. 

EXECUTE: L,=L, so Ja, =I/,@,. 

I, =0.40 kg-m* +4(8.0 kg)(1.8 m)? = 2.56 kg-m’. I, =0.40 kg -m° + (8.0 kg)(0.25 m)? =0.90 kg-m’. 


2 
QO; = fi Q, = Aone = (0.40 rev/s)=1.14 rev/s . 
I, 0.90 kg-m 


EVALUATE: K =5/ o = +L. increases and L is constant, so K increases. The increase in kinetic energy 
comes from the work done by the skater when he pulls in his hands. 
IDENTIFY: Apply conservation of angular momentum to the diver. 
SET Up: The number of revolutions she makes in a certain time is proportional to her angular velocity. The ratio 


of her untucked to tucked angular velocity is (3.6 kg-m’)/(18 kg-m’) . 
EXECUTE: If she had tucked, she would have made (2 rev)(3.6 kg- m’)/(18 kg-m’)=0.40 rev in the last 1.0 s, 


so she would have made (0.40 rev)(1.5/1.0) =0.60 rev in the total 1.5 s. 


EVALUATE: Untucked she rotates slower and completes fewer revolutions. 

IDENTIFY and SETUP: There is no net external torque about the rotation axis so the angular momentum L = /@ 
is conserved. 

EXECUTE: (a) L =L, gives 1@ =1,0,, so @, =(/,/1,)@, 

I, =I, =4MR? = +(120 kg)(2.00 m}? = 240 kg -m° 

I, =I, +1, = 240 kg -m° + mR? = 240 kg -m° +(70 kg)(2.00 m)? = 520 kg -m° 

@, =(1,/1,)@, =(240 kg-m?/520 kg -m’)(3.00 rad/s) =1.38 rad/s 

(b) K, =4/,@; =4(240 kg-m’)(3.00 rad/s)” =1080 J 

K, =41,@; =+(520 kg-m*)(1.38 rad/s)’ = 495 J 

EVALUATE: The kinetic energy decreases because of the negative work done on the turntable and the parachutist 
by the friction force between these two objects. 

The angular speed decreases because / increases when the parachutist is added to the system. 


IDENTIFY: Apply conservation of angular momentum to the collision. 
SET Up: Let the width of the door be /. The initial angular momentum of the mud is mv(//2), since it strikes the 


door at its center. For the axis at the hinge, Zo =4+M/° and Inua =m(I/2) . 
EXECUTE: == AU, z7: 
I (1/3)MP +m(l/2) 
Pi (0.500 Keo m/s)(0.500 m) -=0.223 rad/s. 
(1/3)(40.0 kg)(1.00 m)“ + (0.500 kg)(0.500 m) 


Ignoring the mass of the mud in the denominator of the above expression gives œ = 0.225 rad/s, so the mass of 


loor 


the mud in the moment of inertia does affect the third significant figure. 
EVALUATE: Angular momentum is conserved but there is a large decrease in the kinetic energy of the system. 


(a) IDENTIFY and SETUP: Apply conservation of angular momentum ZL, with the axis at the nail. Let object 4 
be the bug and object B be the bar. Initially, all objects are at rest and L, =0. Just after the bug jumps, it has 
angular momentum in one direction of rotation and the bar is rotating with angular velocity @, in the opposite 
direction. 
EXECUTE: L,=m,v,r—I,@, where r =1.00 m and I, =4m,r° 
L =L, gives mvr =4m,r°o, 

_ 3myV, 


@, =—++ =0.120 rad/s 
m,r 
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10.48. 


(b) K,=0; K, =4m,v7,+4/,@, = 
+(0.0100 kg)(0.200 m/s)? +4(+[0.0500 kg][1.00 m})(0.120 rad/s)? =3.2 x10 J. 


The increase in kinetic energy comes from work done by the bug when it pushes against the bar in order to jump. 
EVALUATE: There is no external torque applied to the system and the total angular momentum of the system is 
constant. There are internal forces, forces the bug and bar exert on each other. The forces exert torques and change 
the angular momentum of the bug and the bar, but these changes are equal in magnitude and opposite in direction. 
These internal forces do positive work on the two objects and the kinetic energy of each object and of the system 
increases. 

IDENTIFY: Apply conservation of angular momentum to the system of earth plus asteroid. 

SETUP: Take the axis to be the earth’s rotation axis. The asteroid may be treated as a point mass and it has zero 
angular momentum before the collision, since it is headed toward the center of the earth. For the earth, 


: PE : i 2 
L, =I@,and I =2MR’ ,where M is the mass of the earth and R is its radius. The length of a day is T = n ; 
7) 


where wis the earth’s angular rotation rate. 
EXECUTE: Conservation of angular momentum applied to the collision between the earth and asteroid gives 


o, 2) 1 1.250 


. T, =1.250T, gives — = and @ =1.250%,. 


2MR*a, = (mR* +2MR’)a, and m= su 
w, a, 


a, 

AA = 0.250. m=2(0.250)M =0.100M . 
Q, 

EVALUATE: Ifthe asteroid hit the surface of the earth tangentially it could have some angular momentum with 

respect to the earth’s rotation axis, and could either speed up or slow down the earth’s rotation rate. 

IDENTIFY: Apply conservation of angular momentum to the collision. 

SETUP: The system before and after the collision is sketched in Figure 10.47. Let counterclockwise rotation be 


positive. The bar has J=4m,L’. 


EXECUTE: (a) Conservation of angular momentum: m,v,d =—m,vd +4m,L’o. 


(3.00 kg)(10.0 m/s) (1.50 m) = -(3.00 kg)(6.00 m/s)(1.50 m) + E 
319.80 m/s 


Jeo m) o 
@=5.88 rad/s . 


(b) There are no unbalanced torques about the pivot, so angular momentum is conserved. But the pivot exerts an 
unbalanced horizontal external force on the system, so the linear momentum is not conserved. 


EVALUATE: Kinetic energy is not conserved in the collision. 
Before: Pivot After: 


d 


Figure 10.47 


IDENTIFY: dL =7dt , so dLis in the direction of 7. 
SETUP: The direction of @is given by the right-hand rule, as described in Figure 10.26 in the textbook. 
EXECUTE: The sketches are given in Figures 10.48a—d. 
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10.50. 


10.51. 


10.52. 


EVALUATE: [In figures (a) and (c) the precession is counterclockwise and in figures (b) and (d) it is clockwise. 
When the direction of either @ or 7 reverses, the direction of precession reverses. 


L+dL 
dL dL 
L 
(a) (b) 
L i 
dL dL 
L+ dL 
7 
(c) (d) 


Figure 10.48 


IDENTIFY: The precession angular velocity is Q = = , where q@is in rad/s. Also apply XF = mä to the 
w 


gyroscope. 
SETUP: The total mass of the gyroscope is m, + m, = 0.140 kg +0.0250 kg = 0.165 kg . 
2a rad 27 rad 

T 220s 
EXECUTE: (a) F, = w,, = (0.165 kg)(9.80 m/s?) =1.62 N 


_ wr _ (0.165 kg)(9.80 m/s”)(0.0400 m) 
IQ (1.20x10% kg-m’)(2.856 rad/s) 


(c) If the figure in the problem is viewed from above, 7 is in the direction of the precession and L is along the 
axis of the rotor, away from the pivot. 

EVALUATE: There is no vertical component of acceleration associated with the motion, so the force from the 
pivot equals the weight of the gyroscope. The larger wis, the slower the rate of precession. 

IDENTIFY: The precession angular speed is related to the acceleration due to gravity by Eq.(10.33), with w = mg . 


Q= 


= 2.856 rad/s . 


(b) @ =189 rad/s =1.80x10° rev/min 


SETUP: ©, =0.50 rad/s, g, =gand gu =0.165g . For the gyroscope, m, r, I, and ware the same on the moon 


as on the earth. 


mr Q) mr Q Q 
EXECUTE: GETE — =— = constant , so =Æ =—“ 


Io g Io kM 


Qu =Q; [4] = 0.165Q,, = (0.165)(0.50 rad/s) = 0.0825 rad/s . 
E 

EVALUATE: Inthe limit that g — 0 the precession rate > 0. 

IDENTIFY and SET UP: Apply Eq.(10.33). 

EXECUTE: (a) halved 

(b) doubled (assuming that the added weight is distributed in such a way that r and Z are not changed) 

(c) halved (assuming that w and r are not changed) 

(d) doubled 

(e) unchanged. 

EVALUATE: Q is directly proportional to w and r and is inversely proportional to / and ø. 

IDENTIFY: Apply Eq.(10.33), where r=wr . 


SETUP: 1 day =86,400s. 1 yr =3.156x10’ s . The earth has mass M =5.97x10™ kg and radius 


R =6.38x10° m. For a uniform sphere and an axis through its center, J = 2 MR? . 
p 8 5 


EXECUTE: (a) t =[@Q =(2/5)MR’aQ. Usin o = 2H 1tad_ and Q = 2a rad , and the mass 
(a) 7 a 8 86,400 s (26,000 y)(3.156x10" s/y) 


and radius of the earth from Appendix F, r=5.4N-m. 
EVALUATE: Ifthe torque is applied by the sun, r =1.5x10" mand F, =3.6x10"N. 
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10.53. 


10.54. 


10.55. 


IDENTIFY: Apply ee = Ia, and constant acceleration equations to the motion of the grindstone. 
SET Up: Let the direction of rotation of the grindstone be positive. The friction force is f = 4n and produces 


‘sigue ope: o-(¥ sE min 
60 s 


EXECUTE: (a) The net torque must be 


)=47 rad. I =4MR* =1.69 kg-m’. 
l rev 


47 rad/s 


2: o (1.69 kgm) os =2.36 N-m. 
A S 


t=la=I— 
t 
This torque must be the sum of the applied force FR and the opposing frictional torques 
; 1 
T; at the axle and fR = nR due to the knife. F = Re +T; + 44nR). 


F= l ((2.36 N -m) + (6.50 N -m) + (0.60)(160 N)(0.260 m)) =67.6 N. 
0.500 m 


(b) To maintain a constant angular velocity, the net torque zt is zero, and the force F” is 
F' (6.50 N-m+24.96 N - m) = 62.9 N. 


peers | 

~ 0.500 m 

(c) The time ¢ needed to come to a stop is found by taking the magnitudes in Eq.(10.27), with T =r, constant; 
L al (4a rad/s)(1.69 kg-m’) 

pet eee B 
Te T 6.50N-m 

EVALUATE: The time for a given change in ø is proportional to æ , which is in turn proportional to the net torque, 


2.36 N-m 
6.50 N-m° 


IDENTIFY: Apply Xr = Iqa, and use the constant acceleration equations to relate œ to the motion. 


3.27 s. 


so the time in part (c) can also be found as t = (9.00 s) 


SETUP: Let the direction the wheel is rotating be positive. 100 rev/min = 10.47 rad/s 


EXECUTE: (a) 0, =@,+@,t gives æ, = OE Oey e TEN 5.23 rad/s’ . 
ý 7 t 2.00 s 
T, .00 N- 
ae T = 0.956 kgm? 
a, 5.23 rad/s 
(b) œ, =10.47 rad/s, œ, =0, t=125s. @, =@,+4a,t gives a, = 27 Por —= tds T 0.0838 rad/s? 
t S 


$r, = Ia, = (0.956 kg-m”)(-0.0838 rad/s”) = -0.0801 N -m 


(© O= ats } Z oe sD as s) = 654 rad = 104 rev 
EVALUATE: The applied net torque (5.00 N -m ) is much larger than the magnitude of the friction torque 
(0.0801 N-m), so the time of 2.00 s that it takes the wheel to reach an angular speed of 100 rev/min is much less 
than the 125 s it takes the wheel to be brought to rest by friction. 

IDENTIFY and SET UP: Apply v=rq. vis the tangential speed of a point on the rim of the wheel and equals the 
linear speed of the car. 

EXECUTE: (a) v=60 mph = 26.82 m/s 


r =12 in. = 0.3048 m 


w=" =88.0 rad/s =14.0 rev/s = 840 rpm 
r 


(b) Same ø as in part (a) since speedometer reads same. 
r=15 in. =0.381 m 

v =ræ = (0.381 m)(88.0 rad/s) =33.5 m/s =75 mph 

(c) v=50 mph = 22.35 m/s 

r =10 in. =0.254 m 


w=" =88.0 rad/s. This is the same as for 60 mph with correct tires, so speedometer read 60 mph. 
r 


EVALUATE: Fora given @, v increases when r increases. 
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10.56. 


10.57. 


10.58. 


10.59. 


IDENTIFY: The kinetic energy of the disk is K = +My, +41 œ . As it falls its gravitational potential energy 
decreases and its kinetic energy increases. The only work done on the disk is the work done by gravity, so 
K,+U,=K,+U,. 

SETUP: Z „=Ł}M(R} +R), where R, = 0.300 mand R, =0.500 m. v =R,@. Take y, =0, so 


cm 2 
yı =-1.20m. 
EXECUTE: K,+U,=K,+U,. K,=0, U,=0. K,=—-U,. $Mv2, +31,,@° =-Mgy, . 
41,,0° =+M(1+[R,/R,] )v,, = 0.340Mvz, . Then 0.840My;,, = —Mgy, and 


— — 2 = 
y = [2 -J (9.80 m/s?)(-1.20 m) L3 74 ms 
\0.840 0.840 


EVALUATE: A point mass in free-fall acquires a speed of 4.85 m/s after falling 1.20 m. The disk has a value of 
V,m that is less than this, because some of the original gravitational potential energy has been converted to 


rotational kinetic energy. 
IDENTIFY: Use ya = Ia, to find the angular acceleration just after the ball falls off and use conservation of 
energy to find the angular velocity of the bar as it swings through the vertical position. 
SETUP: The axis of rotation is at the axle. For this axis the bar has J = 4m,,,L”, where m,,, =3.80 kg and 
L =0.800 m . Energy conservation gives K,+U,=K,+U,. The gravitational potential energy of the bar doesn’t 
change. Let y,=0,so y,=—L/2. 
EXECUTE: (a) T, =m ,9(L/2)and I= Tyg, +1 yar = EML +My (L/2)° . Er =Ia, gives 
m L/2 2 m, 2(9.80 m/s? 2.50 k 
TET a 7 5 (— a ae T m eer kg a a) Sa a 


(b) As the bar rotates, the moment arm for the weight of the ball decreases and the angular acceleration of the bar 
decreases. 


(c) K,+U,=K,+U,. 0=K,+U,. ale vai) = MyanZ(-L/2) . 


aye My BL _ JE 4m, _ 19.80 m/s? 4[2.50 kg] 
Mal (4+ My L 12 NL) Ma + Ma3 0.800 m | 2.50 kg +[3.80 kg]/3 


@=5.70 rad/s. 
EVALUATE: As the bar swings through the vertical, the linear speed of the ball that is still attached to the bar is 
v=(0.400 m)(5.70 rad/s) = 2.28 m/s . A point mass in free-fall acquires a speed of 2.80 m/s after falling 0.400 m; 


the ball on the bar acquires a speed less than this. 


a,= 


IDENTIFY: Use Èr, =la, to find @,, and then use the constant æ, kinematic equations to solve for t. 
SETUP: The door is sketched in Figure 10.58. 


— + 
E ZAO | Execute: Ýr, =F! =(220 N\(1.25 m)=275 N-m 


=125m From Table 9.2(d), I =4MI’ 
isd | I =+4(750 N/9.80 m/s”)(1.25 m}? =39.9 kg -m° 
hinge 


Figure 10.58 
dit. 275N-m 
I 39.9 kgm? 
SETUP: a@, =6.89 rad/s’; 9-0, =90°(z rad/180°) = 7/2 rad; @, =0 (door initially at rest); t=? 
0-0,=@.t+4at 
Execute: t= |2- pe =u =0.675 s 
a, 6.89 rad/s 


EVALUATE: The forces and the motion are connected through the angular acceleration. 

IDENTIFY: 7c=rF sing 

SET Up: Let x be the distance from the left end of the rod where the string is attached. For the value of x 
where f(x) isa maximum, df/dx=0. 


>t, =la, so a, = = 6.89 rad/s” 
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10.60. 


10.61. 


10.62. 


EXECUTE: (a) From geometric consideration, the lever arm and the sine of the angle between F andF are both 
maximum if the string is attached at the end of the rod. 


(b) In terms of the distance x where the string is attached, the magnitude of the torque is Fxh/ Nx’ +h’. This 
function attains its maximum at the boundary, where x =h, so the string should be attached at the right end of 


the rod. 
xh 


Jœ-1/2} + 


and setting equal to zero gives x,,,, =(/ / 2)(1+(2h/1)?). This will be the point at which to attach the string unless 


(c) As a function of x, / and h, the torque has magnitude r = F 


. Differentiating r with respect to x 


2h>1, in which case the string should be attached at the furthest point to the right, x =/. 


EVALUATE: In part (a) the maximum torque is independent of A. In part (b) the maximum torque is independent 
of /. In part (c) the maximum torque depends on both A and /. 


IDENTIFY: Apply ya =Ia,, where r, is due to the gravity force on the object. 
SETUP: I=L atl: Loa = ME «In part (b), La, = MP . In part (c), La, =0. 


rod clay * “ro clay clay 
EXECUTE: (a) A distance L/4 from the end with the clay. 
(b) In this case J = (4/3)ML? and the gravitational torque is (3L/4)(2Mg)sin 0 = (3Mg L/2)sin@, so 
a=(9g/8L)sind. 
(© In this case J = (1/3)ML’ and the gravitational torque is (L/4)(2Mg)sin 0 = (Mg L/2)sin@, so a =(3g/2L)sin9. 
This is greater than in part (b). 
(d) The greater the angular acceleration of the upper end of the cue, the faster you would have to react to overcome 
deviations from the vertical. 
EVALUATE: In part (b), Zis 4 times larger than in part (c) and 7 is 3 times larger. @=7/T , so the net effect is 
that æ is smaller in (b) than in (c). 
IDENTIFY: Calculate W using the procedure specified in the problem. In part (c) apply the work-energy theorem. 
In part (d), a,,, =Ra and bes =I0,; dpa = RØ. 
SETUP: Let 0 be the angle the disk has turned through. The moment arm for F is Rcos8 . 


EXECUTE: (a) The torque is r =FRcos@. W = f FR cos d0 =FR. 


(b) In Eq.(6.14), dl is the horizontal distance the point moves, and so W = Ffal = FR, the same as part (a). 

(c) From K, =W =(MR?/4)o’, œ= J4F/MR. 

(d) The torque, and hence the angular acceleration, is greatest when 6 = 0, at which point a@ =(t/I)=2F/MR , and 
so the maximum tangential acceleration is 2F/M. 

(e) Using the value for @ found in part (c), a,,, =@° R =4F/M. 

EVALUATE: an= @ R is maximum initially, when the moment arm for F is a maximum, and it is zero after the 
disk has rotated one-quarter of a revolution. a,,,; is zero initially and is a maximum at the end of the motion, after 


the disk has rotated one-quarter of a revolution. 
IDENTIFY: Apply XF = md to the crate and Y'r, = Ja, to the cylinder. The motions are connected by 


a(crate) = Ra(cylinder). 
SETUP: The force diagram for the crate is given in Figure 10.62a. 
y 
' 5 EXECUTE: DF, =ma, 
T -mg = ma 
T =m(g + a) = 50 kg(9.80 m/s? +0.80 m/s’) = 530 N 


mg | 


Figure 10.62a 
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10.63. 


10.64. 


SETUP: The force diagram for the cylinder is given in Figure 10.62b. 


EXECUTE: J r, =la, 
FI-TR=Ia,, where /=0.12 m and R =0.25 m 


a=Ra so a,=a/R 
FI=TR+Ia/R 


Figure 10.62b 


2 2 
# a1 8), M330 (238 m) (2.9 kg-m?)(0.80 m/s?) i00 N 


0.12m (0.25 m)(0.12 m) 


EVALUATE: The tension in the rope is greater than the weight of the crate since the crate accelerates upward. If F 
were applied to the rim of the cylinder (= 0.25 m), it would have the value F =567 N. This is greater than T 
because it must accelerate the cylinder as well as the crate. And F is larger than this because it is applied closer to 
the axis than R so has a smaller moment arm and must be larger to give the same torque. 


IDENTIFY: Apply Fa =ma,,, and Dr = Í] m&, to the roll. 


cm z 


SETUP: At the point of contact, the wall exerts a friction force f directed downward and a normal force n 
directed to the right. This is a situation where the net force on the roll is zero, but the net torque is not zero. 


EXECUTE: (a) Balancing vertical forces, F.,, cosO = f + w+ F, and balancing horizontal forces 


rod 


F asinĝ =n. With f = n, these equations become F, 


rod 


cosĝ0 = uųn+F +w, F 


rod 


sinĝ =n. Eliminating n and 


solving for F a gives 


w+F (16.0 kg) (9.80 m/s?) + (40.0 N) 
F cos 0 — u, sin 0 = cos 30° — (0.25)sin 30° 
(b) With respect to the center of the roll, the rod and the normal force exert zero torque. The magnitude of the net 
torque is (F — f)R, and f = 44,.n may be found by insertion of the value found for F 4 into either of the above 
sin @ =33.2 N. Then, 


=266 N. 


rod 


relations; i.e., f = 44F, 


rod 


T _ (40.0 N -31.54 N)(18.0x10° m) 


I (0.260 kg- m°) 


=4.71 rad/s’. 


EVALUATE: [Ifthe applied force F is increased, F „4 increases and this causes n and f to increase. The angle 

¢ changes as the amount of paper unrolls and this affects @ for a given F. 

IDENTIFY: Apply XE =Ia, to the flywheel and DF = ma to the block. The target variables are the tension in 
the string and the acceleration of the block. 

(a) SETUP: Apply bys =Ia, to the rotation of the flywheel about the axis. The free-body diagram for the 


flywheel is given in Figure 10.64a. 
© 
EXECUTE: The forces n and Mg act 


n 
T at the axis so have zero torque. 


\ $r, =TR 
Q, 
Mg 


TR=Ia, 
Figure 10.64a 
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10.65. 


10.66. 


SETUP: Apply YF = ma to the translational motion of the block. The free-body diagram for the block is given 
in Figure 10.64b. 


EXECUTE: ))F,=ma, 
n—mgcos36.9° =0 
n = mg cos36.9° 


mg cos @ 


A, = Ln = Hmg cos36.9° 


Figure 10.64b 


DF, = ma, 

mgsin36.9° —T — umg cos36.9° = ma 
mg (sin36.9° — u, cos36.9°) -T = ma 
But we also know that apex = Ra so a=a/R. Using this in the Èr =Ia, equation gives TR =Ja/R and 


wheel? 
T =(I/R’)a. Use this to replace T in the DF =ma, equation: 
mg(sin36.9° — 4 cos36.9°) —(1/R*)a = ma 
Te mg(sin36.9° — u, cos36.9°) 
m+I/R? 
PE (5.00 kg)(9.80 m/s*)(sin36.9° — (0.25)cos36.9°) 
5.00 kg + 0.500 kg -m° /(0.200 m}? 

2: 

(b) T = 0.500 kg = 
(0.200 m) 

EVALUATE: Ifthe string is cut the block will slide down the incline with 
a = gsin36.9° — „g cos36.9° = 3.92 m/s”. The actual acceleration is less than this because mg sin36.9° must also 


=1.12 m/s’ 


(1.12 m/s’) =14.0N 


accelerate the flywheel. mg sin36.9°— f, =19.6 N. T is less than this; there must be more force on the block 
directed down the incline than up then incline since the block accelerates down the incline. 
IDENTIFY: Apply XF = mä to the block and Ei = Ia, to the combined disks. 


SETUP: Fora disk, Z „x =+MR*, so J for the disk combination is J =2.25x10° kg-m’. 


EXECUTE: Fora tension T in the string, mg —T = ma and TR = Iq = ILẸ Eliminating T and solving for a gives 
=g m = i where m is the mass of the hanging block and R is the radius of the disk to which the 


m+I/R? 1+I/mR*’ 
string is attached. 
(a) With m=1.50 kg and R =2.50x107m, a =2.88 m/s’. 
(b) With m=1.50 kg and R =5.00x107m, a =6.13 m/s’. 
The acceleration is larger in case (b); with the string attached to the larger disk, the tension in the string is capable 
of applying a larger torque. 
EVALUATE: @=v/R, where v is the speed of the block and wis the angular speed of the disks. When R is 
larger, in part (b), a smaller fraction of the kinetic energy resides with the disks. The block gains more speed as it 
falls a certain distance and therefore has a larger acceleration. 
IDENTIFY: Apply both VF =ma and Yr =Ia, to the motion of the roller. Rolling without slipping means 


Ay, = Ra. Target variables are a,,, and f. 
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10.67. 


10.68. 


SETUP: The free-body diagram for the roller is given in Figure 10.66. 
Ad 


EXECUTE: Apply >) F =mä to the 
translational motion of the center of mass: 
XF. = ma, 


F- f =Ma 


Mg 
Figure 10.66 


Apply De =Ia, to the rotation about the center of mass: 


Dt. = JR 

thin-walled hollow cylinder: J = MR? 

Then Sr, =la, implies fR = MR’a. 

But @,,, = Ra, so f = Ma,,,. 

Using this in the XF, =ma, equation gives F — Ma,,, = Ma,,, 

Ay =P /2M, and then f = Ma, =M(F/2M) = F/2. 

EVALUATE: Ifthe surface were frictionless the object would slide without rolling and the acceleration would be 
ám = /M. The acceleration is less when the object rolls. 


IDENTIFY: Apply SF = mä to each object and apply pave =a, to the pulley. 
SET Up: Call the 75.0 N weight A and the 125 N weight B. Let T, and T, be the tensions in the cord to the left 


and to the right of the pulley. For the pulley, /=4MR*, where Mg =50.0 N and R =0.300 m. The 125 N weight 


accelerates downward with acceleration a, the 75.0 N weight accelerates upward with acceleration a and the pulley 
rotates clockwise with angular acceleration «æ , where a=Ra. 


EXECUTE: YF = ma applied to the 75.0 N weight gives T,-w,=m,a. YF = ma applied to the 125.0 N 
weight gives w, —T, =m,a. Èr, = Iæ applied to the pulley gives (T, —-T,)R =(4MR’)a, and T, -T,=4M . 


Combining these three equations gives w, — w; =(m,+m,+M/2)a and 


a= Ws Wa e-( ee )g=0.222g. T, =w, +a/g)=1.222w, =91.65 N. 
w, +w +W, /2 75.0 N +125 N +25.0 N 


pulley 
T, =w,(1—a/g) =0.778w, =97.25N . SF = mä applied to the pulley gives that the force F applied by the hook 


=239N . The force the ceiling applies to the hook is 239 N. 


EVALUATE: The force the hook exerts on the pulley is less than the total weight of the system, since the net 
effect of the motion of the system is a downward acceleration of mass. 


to the pulley is F =T, +T, +w 


pulley 


IDENTIFY: This problem can be done either with conservation of energy or with XF, =ma. We will do it both 


xt 


ways. 
(a) SETUP: (1) Conservation of energy: K, +U, +W ner = K, +U.. 
#2 
Take position 1 to be the location of the disk 


at the base of the ramp and 2 to be where the 
disk momentarily stops before rolling back 
down, as shown in Figure 10.68a. 


Figure 10.68a 


Take the origin of coordinates at the center of the disk at position 1 and take +y to be upward. Then y, =0 and 
y, =dsin30°, where d is the distance that the disk rolls up the ramp. “Rolls without slipping” and neglect rolling 
friction says W, =0; only gravity does work on the disk, so Woner =0 


other 
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EXECUTE: U =Mgy, =0 
K,=4My, +41,,@ (Eq.10.11). But @, =v,/R and I, =4MR*, so 41,07 =4(4MR?)(v,/R)’ =4My;. Thus 
K, =4Mvy +4Mvy =3My. 
U, = Mgy, = Mgd sin30° 
K, =0 (disk is at rest at point 2). 
Thus +Mv; = Mgd sin30° 

3v? = 3(2.50 m/s)” 


=0.957 m 


~ 4gsin30° 4(9.80 m/s?)sin30° 


SETUP: (2) force and acceleration The free-body diagram is given in Figure 10.68b. 
y 


EXECUTE: Apply XF, =ma, to the 

‘cays translational motion of the center of mass: 
Mgsin0 — f = Ma.» 

Apply Ma =Ia, to the rotation about the 

center of mass: 

fR=(4MR’)a. 


Megcos@ 


Mg 
Figure 10.68b 


But a,,,=Ra@ in this equation gives f =+Ma,,,. Use this in the SE =ma, equation to eliminate f. 
Mgsin 0 —+Ma,,, =Ma,,, 

M divides out and 4a,,,=gsin0. am =+g sin =2(9.80 m/s*)sin30° = 3.267 m/s” 

SET Up: Apply the constant acceleration equations to the motion of the center of mass. Note that in our 
coordinates the positive x-direction is down the incline. 

Vp, =—2.50 m/s (directed up the incline); a, = +3.267 m/s’; 

v, =0 (momentarily comes to rest); x— x, =? 

v=, +2a,0¢—m) 


2 2 
EXECUTE: x-x,= Heng Cee us) =-0.957 m 
2a,  2(3.267 m/s”) 
(b) EVALUATE: The results from the two methods agree; the disk rolls 0.957 m up the ramp before it stops. 
The mass M enters both in the linear inertia and in the gravity force so divides out. The mass M and radius R enter 
in both the rotational inertia and the gravitational torque so divide out. 


10.69. IDENTIFY: Apply YF. = mä „ to the motion of the center of mass and apply baa =Í „&, to the rotation about 


cm“ z 


the center of mass. 
SETUP: J= 2(4MR°) = MR’ . The moment arm for T is b. 


EXECUTE: The tension is related to the acceleration of the yo-yo by (2m)g —T =(2m)a, and to the angular 


a 


b 
© 2m o a =D 

15E om+1/b) E 2+(R/by’ Eb Rb 

equations: 


acceleration by Tb = Iæ =I. Dividing the second equation by b and adding to the first to eliminate T yields 


. The tension is found by substitution into either of the two 


= EEE o 2 (R/bY mg 
Rhee =a) 528) h 2+(R/by ) age (RID? (2(b/RY +1)" 


EVALUATE: a—>Owhen b>0.As b>R, a>2/3. 
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10.70. IDENTIFY: Apply conservation of energy to the motion of the shell, to find its linear speed v at points A and B. 
Apply SF = ma to the circular motion of the shell in the circular part of the track to find the normal force exerted 


by the track at each point. Since r << R the shell can be treated as a point mass moving in a circle of radius R when 
applying DF = ma . But as the shell rolls along the track, it has both translational and rotational kinetic energy. 


SETUP: K,+U,=K,+U,,. Let 1 be at the starting point and take y = 0 to be at the bottom of the track, so 


y,=h,. K=4mv+4I@. 1=2mr and @=Vv/r ,so K =imv’ . During the circular motion, a,,, =v" /R . 
2 
EXECUTE: (a) YF = mä at point A gives n+mg = mo . The minimum speed for the shell not to fall off the 


track is when n — 0 and v = gR . Let point 2 be A, so y, =2Rand v} =mR. Then K, +U, =K, +U, gives 
mgh, =2mgR+2m(gR). hW =(2+2)R=ZR. 
(b) Let point 2 be B, so y, =R. Then K, +U, =K, +U, gives mgh, =mgR +2mv;. With h=-2R this gives 


2 


v’ =1 gR . Then X F=mā at B gives n=m =m . 


(c) Now K = tm? instead of îm’? . The shell would be moving faster at A than with friction and would still make 
the complete loop. 
2 
5 


d) In part (c): mgh, =mg(2R)+4mv?. h, ="2R gives v? =2eR. Y F = mä at point A gives mg +n =m-— and 
p Erho & 2 nb = GAS 38 p 8 & R 


2 
n= nf = = e) = mg . In part (a), n =0 , since at this point gravity alone supplies the net downward force that is 


required for the circular motion. 
EVALUATE: The normal force at A is greater when friction is absent because the speed of the shell at A is greater 
when friction is absent than when there is rolling without slipping. 
10.71. IDENTIFY: Consider the direction of the net force and the sense of the net torque in each case. 
SETUP: The free-body diagram in each case is shown in Figure 10.71. 


4 
EXECUTE: Inthe first case, F and the friction force act in opposite directions, and the friction force causes a 
larger torque to tend to rotate the yo-yo to the right. The net force to the right is the difference F — f, so the net 


force is to the right while the net torque causes a clockwise rotation. For the second case, both the torque and the 
friction force tend to turn the yo-yo clockwise, and the yo-yo moves to the right. In the third case, friction tends to 
move the yo-yo to the right, and since the applied force is vertical, the yo-yo moves to the right. 

EVALUATE: Inthe first case the torque due to friction must be larger than the torque due to F, so the net torque is 


clockwise. In the third case the torque due to F must be larger than the torque due to f, so the net torque will be clockwise. 


F 
n 


Figure 10.71 


xt 


10.72. IDENTIFY: Apply XF, 
center of mass. 
SETUP: Fora hoop, / = MR’. For a solid disk, J = + MR? ; 
EXECUTE: (a) Because there is no vertical motion, the tension is just the weight of the hoop: 
T = Mg =(0.180 kg)(9.8 N/kg)=1.76 N. 
(b) Use T= Ta to find æ. The torque is RT, so æ =RT/I = RT/MR* =T/MR = Mg/MR, so 
a = g/R = (9.8 m/s?) /(0.08 m) = 122.5 rad/s”. 
(c) a= Ra =9.8 m/s? 


= mä „ to the motion of the center of mass and Èr, = I m&, to the rotation about the 


em*z 


(d) T would be unchanged because the mass M is the same, œ and a would be twice as great because J is now +MR°* : 
EVALUATE: 4a, for a point on the rim of the hoop or disk equals a for the free end of the string. Since J is 
smaller for the disk, the same value of T produces a greater angular acceleration. 
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10.73. 


10.74. 


10.75. 


IDENTIFY: Apply bee = Ta, to the cylinder or hoop. Find a for the free end of the cable and apply constant 


acceleration equations. 


SETUP: a for a point on the rim equals a for the free end of the cable, and a,,, = Ra . 
1 [= 2F _ 200N 
res Gian = z 


= Ra gives FR -L MRa =—MR? == =50 m/s’. 
2 2 R M 4.00 kg 


EXECUTE: (a) }\z,=Ja, anda 


tan 


Distance the cable moves: x-x, =Vy,f+4a,t° gives 50 m= 3(50 m/s’)? and ¢=1.41s. 
V, = Vo, +a,t =0+(50 m/s*)(1.41s)=70.5 m/s. 


(b) For a hoop, J = MR’, which is twice as large as before, so œ and a,,, would be half as large. Therefore the time 


tan 
would be longer by a factor of V2 . For the speed, v? = v2, + 2a,x, in which x is the same, so v, would be half as 
large since a, is smaller. 


EVALUATE: The acceleration a that is produced depends on the mass of the object but is independent of its 
radius. But a depends on how the mass is distributed and is different for a hoop versus a cylinder. 

IDENTIFY: Use projectile motion to find the speed v the marble needs at the edge of the pit to make it to the level 
ground on the other side. Apply conservation of energy to the motion down the hill in order to relate the initial 
height to the speed v at the edge of the pit. W ne =0 so conservation of energy gives K,+U,;=K,+U,. 


SET Up: In the projectile motion the marble must travel 36 m horizontally while falling vertically 20 m. Let +y 


ther 


be downward. For the motion down the hill, let y, =0 so U, =0 and y, =h. K, =0. Rolling without slipping 


= al 2 1 2_ 1/2 2 2 1 Qi. 2 
means v=Ro. K=71,,0 +zmv =7(emR J)o +zmv = pm. 


EXECUTE: (a) Projectile motion: v, =0. a, =9.80 m/s’. y—-y, =20m. y—y, =w,t+4a,t gives 


t= 2=Yo) 9 99 5. Then X—Xy = Vt gives v=v,, =~ = ou =17.8 m/s. 
a, d ` t 2.02 s 


_ Tv’ _ 707.8 m/s? _ 
10g  10(9.80 m/s”) 


(b) 4J@* ={mv’, independent of R. I is proportional to R° but @” is proportional to 1/R* for a given 


Motion down the hill: U, =K,. mgh = mv’. h 6m. 


translational speed v. 
(c) The object still needs v =17.8 m/s at the bottom of the hill in order to clear the pit. But now K, =4mv’ and 


2 
Vv 


h=—=16.6m. 

2g 
EVALUATE: The answer to part (a) also does not depend on the mass of the marble. But, it does depend on how 
the mass is distributed within the object. The answer would be different if the object were a hollow spherical shell. 
In part (c) less height is needed to give the object the same translational speed because in (c) none of the energy 
goes into rotational motion. 
IDENTIFY: Apply conservation of energy to the motion of the boulder. 
SETUP: K=4mv’+4/@ and v= Rø when there is rolling without slipping. J =2mR*. 


EXECUTE: Break into 2 parts, the rough and smooth sections. 


l DEAE ere AE ee! 
Rough: mgh =5mv PaO 2a T My Ss mR a eG Bs 


Smooth: Rotational kinetic energy does not change. mgh, + sv FK = a mv, + K+ gh DEI = Ay ; 


rot 2 Bottom 2 


Vp = | = gh +2gh, = E (9.80 m/s?)(25 m) + 2(9.80 m/s?)(25 m) = 29.0 m/s . 


EVALUATE: Ifall the hill was rough enough to cause rolling without slipping, vz = [2 (s0 m) =26.5 m/s. A 


smaller fraction of the initial gravitational potential energy goes into translational kinetic energy of the center of 
mass than if part of the hill is smooth. If the entire hill is smooth and the boulder slides without slipping, 


Vg =4/2g(50 m) =31.3 m/s. In this case all the initial gravitational potential energy goes into the kinetic energy of 


the translational motion. 
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10.76. 


10.77. 


10.78. 


IDENTIFY: Apply conservation of energy to the motion of the ball as it rolls up the hill. After the ball leaves the 
edge of the cliff it moves in projectile motion and constant acceleration equations can be used. 
(a) SET Up: Use conservation of energy to find the speed v, of the ball just before it leaves the top of the cliff. 
Let point 1 be at the bottom of the hill and point 2 be at the top of the hill. Take y=0 at the bottom of the hill, so 
y, =0 and y, =28.0 m. 
EXECUTE: K,=U,=K,+U, 
mv? +41a@p =mgy, +5mv; +410; 

1 


Rolling without slipping means @=v/r and +/@* = 4(2mr? )(viry =tmv 


7 2 7 2 
To MV, = mgy, +79 MV; 


v, =v, —2 gy, =15.26 m/s 


SET Up: Consider the projectile motion of the ball, from just after it leaves the top of the cliff until just before it 
lands. Take +y to be downward. Use the vertical motion to find the time in the air: 


Voy =0, a, =9.80 m/s’, y—y, =28.0m, t=? 
EXECUTE: y—y)=W,f+}a,t’ gives t=2.39 s 


During this time the ball travels horizontally 
X—Xy = Vat = (15.26 m/s)(2.39 s) =36.5 m. 


Just before it lands, v, =v), +a,f=23.4 m/s and v, =, =15.3 m/s 
v= v; +v} =28.0 m/s 
(b) EVALUATE: At the bottom of the hill, @=v/r = (25.0 m/s)/r. The rotation rate doesn’t change while the ball 


is in the air, after it leaves the top of the cliff, so just before it lands w=(15.3 m/s)/r. The total kinetic energy is 


the same at the bottom of the hill and just before it lands, but just before it lands less of this energy is rotational 
kinetic energy, so the translational kinetic energy is greater. 


IDENTIFY: Apply conservation of energy to the motion of the wheel. K =4mv* +4/a’ . 
SETUP: No slipping means that œ = v/R. Uniform density means m, = 127R and m, = AR , where m, is the 


mass of the rim and m, is the mass of each spoke. For the wheel, J = Zm + I,oxes- For each spoke, J =4m,R° . 


spokes 
=m,.R? 4 (5 me | 


Also, m=m, +m, =27RA+6RA= 2RA(x + 3) . Substituting into the conservation of energy equation gives 


EXECUTE: (a) mgh =m" tlt. I=1,,+1 


spokes 


2RA(z+3)gh= $(2RA)(z +3)(Ro) +h aaa’ + o{ $208 | |o , 


=124 rad/s and v = Rø =26.0 m/s 


(z+3)gh  |(a+ 3)(9.80 m/s*)(58.0 m) 
R’(z +2) (0.210 m} (+2) 

(b) Doubling the density would have no effect because it does not appear in the answer. @ is inversely proportional 
to R so doubling the diameter would double the radius which would reduce @ by half, but v = Ræ would be 


unchanged. 

EVALUATE: Changing the masses of the rim and spokes by different amounts would alter the speed v at the 
bottom of the hill. 

IDENTIFY: Apply v=Ro. 

SET Up: For the antique bike, v is the same for points on the rim of each wheel and equals the linear speed of the 
bike. 1 rev=2z7 rad. 


EXECUTE: (a) The front wheel is turning at @=1.00 rev/s =2z rad/s. v =rÆæ = (0.330 m)(2z rad/s) = 2.07 s . 
(b) @=v/r =(2.07 m/s)/(0.655 m) =3.16 rad/s =0.503 rev/s 
(© @=v/r =(2.07 m/s)/(0.220 m) =9.41 rad/s =1.50 rev/s 


EVALUATE: Since the front wheel has a larger radius for the antique bike, that wheel doesn't have to rotate at as 
many rev/s to achieve the same linear speed of the bike. 
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10.79. 


10.80. 


10.81. 


IDENTIFY: Apply conservation of energy to the motion of the ball. Once the ball leaves the track the ball moves 
in projectile motion. 

SETUP: The ball has J =2mR’; the silver dollar has J =4mR’ . For the projectile motion take +y downward, 
so a, =0and a,=+g. 

EXECUTE: (a) The kinetic energy of the ball when it leaves the track (when it is still rolling without slipping) is 
(7/10)mv? and this must be the work done by gravity, W = mgh , so v=./10gh/7. The ball is in the air for a time 


t=/2y/g, sox=vt=./20hy/7. 

(b) The answer does not depend on g, so the result should be the same on the moon. 

(c) The presence of rolling friction would decrease the distance. 

(e) For the dollar coin, modeled as a uniform disc, K =(3/4)mv’, and so x =./8hy/3. 

EVALUATE: The sphere travels a little farther horizontally, because its moment of inertia is a smaller fraction of 


MR’ than for the disk. The result is independent of the mass and radius of the object but it does depend on how 
that mass is distributed within the object. 
IDENTIFY and SET UP: Apply conservation of energy to the motion of the ball. The ball ends up with both 
translational and rotational kinetic energy. Use Fig.(10.13) in the textbook to relate the speed of different points on 
the ball to vm: 
EXECUTE: (a) U, =+k =4(400 N-m)(0.15 m} =4.50 J and K, =0.800U,, =3.60 J 
K, =4mv2, +41 ,@° rolling without slipping says @=v,,,/R 
Thus K,=4mv2, + 4(2mR?) (Ven [RÝ =m}, (4 + 1) =}mv? 
and Vn = z a AO e 9.34 m/s. 
7m 7(0.0590 kg) 
(b) Consider Figure 10.80a. 


=y 
y Vom 


From Fig.(10.13) in the textbook, 
w at the top of the ball 
“om v= Von =18.7 m/s 


Figure 10.80a 
(c) 


f s From Fig.(10.13) in the textbook, 
a v=0 at the bottom of the ball. 


v=0 
Figure 10.80b 


(d) The problem says that U, =0.900K, =3.24 J. Thus U, =mgh =3.24 J and 


-3241 _ 3.24 J ae 
mg (0.0590 kg)(9.80 m/s°) `` 


EVALUATE: Not all the potential energy stored in the spring goes into kinetic energy at the base of the ramp or 
into gravitational potential energy at the top of the ramp because of loss of mechanical energy due to negative 


60 m 


work done by friction. If the ball slides without rolling, then K,=4mv;,, and v,,,=11.0 m/s. Vm is less than this 


when the ball rolls and some of its total kinetic energy is rotational. 

IDENTIFY: v,=dx/dt, v,=dy/dt. a, =dv,/dt , a,=dv,/dt. 

SETUP: dcos(at)/dt =—asin(at). dsin(at)/dt = acos(at) . 

EXECUTE: (a) The sketch is shown in Figure 10.81. 

(b) R is the radius of the wheel (y varies from 0 to 2R) and T is the period of the wheel’s rotation. 


2 
(c) Differentiating, v, ZAR 1- cos Lit eas -(4) Rein 22) and v, 2E snf 221) 3 
T T , T T T T 
2r Ý 2t 
a,= AIR cos ae s 
T T 
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10.82. 


10.83. 


10.84. 


(d) v, =v, =0 when (=) =2z or any multiple of 27, so the times are integer multiples of the period T. The 


F : 47°R 
acceleration components at these times are a, =0, a j7 T? 
2 2 
2m 2at .9(2at) 40°R . . ee . 
2 2 2 2 
e) a=,/a. +a, =| — | R, |cos + sin = , independent of time. This is the magnitude of the 
ae ale T A a EN z 


radial acceleration for a point moving on a circle of radius R with constant angular velocity 27/T . For motion that 
consists of this circular motion superimposed on motion with constant velocity (a 5 0), the acceleration due to the 


circular motion will be the total acceleration. 


EVALUATE: a is independent of time, but v does depend on time. 
y 


Figure 10.81 


IDENTIFY: Apply the work-energy theorem to the motion of the basketball. K =4mv* +41% and v= Ra. 
SETUP: For a thin-walled, hollow sphere Z =2mR° . 
EXECUTE: For rolling without slipping, the kinetic energy is (1/2)(m +1/R?)v? = (5/6)mv’; initially, this is 


32.0 J and at the return to the bottom it is 8.0 J. Friction has done —24.0 J of work, —12.0 J each going up and 
down. The potential energy at the highest point was 20.0 J, so the height above the ground was 

20.0 J =3.40 m 
(0.600 kg)(9.80 m/s’) 


EVALUATE: All of the kinetic energy of the basketball, translational and rotational, has been removed at the point 
where the basketball is at its maximum height up the ramp. 

IDENTIFY: Use conservation of energy to relate the speed of the block to the distance it has descended. Then use 
a constant acceleration equation to relate these quantities to the acceleration. 

SETUP: For the cylinder, /=4+M(2R)’, and for the pulley, J =4MR’. 

EXECUTE: Doing this problem using kinematics involves four unknowns (six, counting the two angular 
accelerations), while using energy considerations simplifies the calculations greatly. If the block and the cylinder 
both have speed v, the pulley has angular velocity v/R and the cylinder has angular velocity v/2R, the total kinetic 
energy is 


MR? 
2 


1 


2 
K= af ae + MCR) 


2 


2 2|_3 
(v/R)° + Mv \-3 


(v/2R) + My’. 

This kinetic energy must be the work done by gravity; if the hanging mass descends a distance y, K = Mgy, or 

v? =(2/3)gy. For constant acceleration, v’ = 2ay, and comparison of the two expressions gives a = g/3. 

EVALUATE: Ifthe pulley were massless and the cylinder slid without rolling, Mg =2Ma and a=g/2.The 

rotation of the objects reduces the acceleration of the block. 

IDENTIFY: Apply Se = Ia, to the drawbridge and calculate œ, . For part (c) use conservation of energy. 

SET Up: The free-body diagram for the drawbridge is given in Fig.10.84. For an axis at the lower end, J =4ml’. 

_ 3g(4.00 m)(cos60.0°) 
(8.00 m)? 


(b) a, depends on the angle the bridge makes with the horizontal. @, is not constant during the motion and 


EXECUTE: (a) er = Iæ, gives mg(4.00 m)(cos60.0°) =4ml’a, and a, =0.919 rad/s’. 


æ, = @, + a,t cannot be used. 
(c) Use conservation of energy. Take y =0 at the lower end of the drawbridge, so y, = (4.00 m)(sin60.0°) and 
yy =0. K; +U; =K,+U,+W, 


other 


aa J6gy, _ {69.80 m/s?)(4.00 m)(sin 60.0°) 
I 8.00 m 


gives U;=K,, mgy,=+/@°. mgy,=4(4ml°)o° and 


=1.78 rad/s. 
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10.85. 


10.86. 


10.87. 


EVALUATE: If we incorrectly assume that @, is constant and has the value calculated in part (a), then 


a? =@,,+2a,(9-Q) gives @=139 rad/s . The angular acceleration increases as the bridge rotates and the actual 
angular velocity is larger than this. 


4.00m 


4.00m 


Axis mg 


Figure 10.84 


IDENTIFY: Apply conservation of energy to the motion of the first ball before the collision and to the motion of 
the second ball after the collision. Apply conservation of angular momentum to the collision between the first ball 
and the bar. 

SET Up: The speed of the ball just before it hits the bar is v = ,/2gy =15.34 m/s. Use conservation of angular 
momentum to find the angular velocity œ of the bar just after the collision. Take the axis at the center of the bar. 
EXECUTE: L, = mvr =(5.00 kg)(15.34 m/s)(2.00 m) =153.4 kg -m° 

Immediately after the collision the bar and both balls are rotating together. 

L,=1,,.@ 


Tg: = MP’ + 2mr? = 5 (8.00 kg)(4.00 m)? + 2(5.00 kg)(2.00 m}? =50.67 kg m? 


L, = L =153.4kg-m? 
o=L,/1,, =3.027 rad/s 
Just after the collision the second ball has linear speed v = rø = (2.00 m)(3.027 rad/s) = 6.055 m/s and is moving 


upward. mv? =mgy gives y =1.87 m for the height the second ball goes. 


EVALUATE: Mechanical energy is lost in the inelastic collision and some of the final energy is in the rotation of the bar 
with the first ball stuck to it. As a result, the second ball does not reach the height from which the first ball was dropped. 
IDENTIFY: The rings and the rod exert forces on each other, but there is no net force or torque on the system, and 
so the angular momentum will be constant. 
SETUP: For the rod, J = MP . For each ring, J = mr’ , where r is their distance from the axis. 
EXECUTE: (a) As the rings slide toward the ends, the moment of inertia changes, and the final angular velocity is 

L _ p| WME +2mr? |_ „500x10“ kg-m* _ o 

I, (| 4MP?+2mr; | '2.00x10° kg-m? 4 
(b) The forces and torques that the rings and the rod exert on each other will vanish, but the common angular 
velocity will be the same, 7.5 rev/min. 
EVALUATE: Note that conversion from rev/min to rad/s was not necessary. The angular velocity of the rod 
decreases as the rings move away from the rotation axis. 
IDENTIFY: Apply conservation of angular momentum to the collision. Linear momentum is not conserved 
because of the force applied to the rod at the axis. But since this external force acts at the axis, it produces no 
torque and angular momentum is conserved. 
SETUP: The system before and after the collision is sketched in Figure 10.87. 
EXECUTE: (a) m,=5m,,., 


given by o, =a, 


, 80@, =7.5 rev/min. 


os EXECUTE: L =m,vr =4m,.,V(L/2) 
L L _1 
y |i rE L sa 5 Mioa VL 
o 
= L, =U. + £,)@ 
my LL i > 
Mod 2 Leg =35 Moal 
2 2 
v=0 ~~ _10 L =mr =4M,.4(L/2) 
<2 Al 2 
before after I b7 Te Phoa L 


Figure 10.87 
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10.88. 


10.89. 


= i 1 —_{1 2 1 2 
Thus L, =L, gives ,m,,,vL = (4m, + FEM gl Jo 


1,19 
gV= glo 
o=*v/L 


K, = 410° =} (Tp +1,)0° =F(4m gL? + Empl? )(6v/19LP 


2 
— 1/19 6 2. 3 2 
K, =S) moa? =e Mea” 
3 


K = 
Then —2 = 12 "ws" _ 3/19, 


LO MeV 
EVALUATE: The collision is inelastic and K, < K,. 
IDENTIFY: Apply Eq.(10.29). 
SET Up: The door has J =4ml’ . The torque applied by the force is rF,,, where r=//2. 
EXECUTE: %7,,=rF,, and AL=rF,,At=rJ. The angular velocity æ is then 
_AL rF At (l/2)F,At _3 F At 


= = , where / is the width of the door. Substitution of the given numeral 
I I iml 2 ml 


values gives œ =0.514rad/s. 
EVALUATE: The final angular velocity of the door is proportional to both the magnitude of the average force and 


also to the time it acts. 
(a) IDENTIFY: Apply conservation of angular momentum to the collision between the bullet and the board: 


SETUP: The system before and after the collision is sketched in Figure 10.89a. 
axis (+) 


l= 0.125 m 


#1 w 
Figure 10.89a 
EXECUTE: L=L, 
L, =mvrsing = mvl = (1.90 x10 kg)(360 m/s)(0.125 m) = 0.0855 kg -m? /s 
L =1,0, 
L = Lona tLe =M + mr? 
L, =+(0.750 kg)(0.250 m) + (1.90 x10° kg)(0.125 m)? = 0.01565 kg -m° 
L, _ 0.0855 kg :m°/ 
I, 0.1565 kg-m? 
(b) IDENTIFY: Apply conservation of energy to the motion of the board after the collision. 


SETUP: The position of the board at points 1 and 2 in its motion is shown in Figure 10.89b. Take the origin of 
coordinates at the center of the board and +y to be upward, so y,,,,=0 and y,,,, =, the height being asked for. 


a 5.46 rad/s 


Then L =L, gives that œ, = 


y 


: K, +U, + Won =K, +U, 
axıs 
EXECUTE: Only gravity does work, so Winer = 0. 
K,=+10° 
cm x U ar = 0 
a EY om,1 ~ 
K,=0 
U,=m =mgh 
Soe 2 EV em,2 8 
#1 


Figure 10.89b 
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Thus 4/@° =mgh. 


2 2 2 
Ilo” _ (0.01565 kg-m*)(5.46 rad/s) = 0.0317 m=3.17 cm 


“Img 2(0.750 kg +1.90x10~ kg)(9.80 m/s?) 


(c) IDENTIFY and SET UP: The position of the board at points 1 and 2 in its motion is shown in Figure 10.89c. 


#2 
cm Apply conservation of energy as in part (b), 
except now we want y,,,, =A =0.250 m. 
axis y 0.250 m Solve for the @ after the collision that is 


cm,2 


required for this to happen. 


w 


Figure 10.89c 


EXECUTE: Iœ =mgh 


pae [2mgh _ |2(0.750 kg +1.90x10° kg)(9.80 m/s*)(0.250 m) 
I 0.01565 kg -m° 


æ =15.34 rad/s 

Now go back to the equation that results from applying conservation of angular momentum to the collision and 

solve for the initial speed of the bullet. L, = L, implies m,,.,v/ = 1,@, 

„J0 _ (0.01565 kg -m’)(15.34 rad/s) 
Myl (1.90x10° kg)(0.125 m) 

EVALUATE: We have divided the motion into two separate events: the collision and the motion after the 

collision. Angular momentum is conserved in the collision because the collision happens quickly. The board 

doesn’t move much until after the collision is over, so there is no gravity torque about the axis. The collision is 

inelastic and mechanical energy is lost in the collision. Angular momentum of the system is not conserved during 

this motion, due to the external gravity torque. Our answer to parts (b) and (c) say that a bullet speed of 360 m/s 

causes the board to swing up only a little and a speed of 1010 m/s causes it to swing all the way over. 

10.90. IDENTIFY: Angular momentum is conserved, so [,@ =1,Q, . 


=1010 m/s 


SETUP: For constant mass the moment of inertia is proportional to the square of the radius. 

EXECUTE: Ra, =R}@,, or R>@ =(Ry + AR) (a, + A@)= R 0 +2R,AR@, + R>A@, where the terms in 
ARA@ and (Aw) have been omitted. Canceling the R>@, term gives 

R, Aw 


Wo 


AR =- =-—1.] cm. 


EVALUATE: AR/R,and A@/@, are each very small so the neglect of terms containing ARAwor (Aœ)? is an 


accurate simplifying approximation. 

10.91. IDENTIFY: Apply conservation of angular momentum to the collision between the bird and the bar and apply 
conservation of energy to the motion of the bar after the collision. 

SETUP: For conservation of angular momentum take the axis at the hinge. For this axis the initial angular 
momentum of the bird is m,,,,(0.500 m)v , where m,a =0.500 kg and v =2.25 m/s . For this axis the moment of 
inertia is J =1m,,,L’ =4(1.50 kg)(0.750 m)? =0.281 kg -m° . For conservation of energy, the gravitational 
potential energy of the bar is U = m,,,2¥amn, Where Yem is the height of the center of the bar. Take y,,,, =0, so 
Yem = 0.375 m . 

EXECUTE: (a) L =L, gives m,,,(0.500 m)v =(4m,,,L)o . 
Ge 3my,,4(0.500 m)v _ 3(0.500 kg)(0.500 m)(2.25 m/s) 
Mal (1.50 kg)(0.750 m)? 


= 2.00 rad/s . 
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10.92. 


10.93. 


10.94. 


(b) U, +K, =U, + K, applied to the motion of the bar after the collision gives +ø? =m,,,,g(-0.375 m) +4/@;. 


—____ (1.50 kg)(9.80 m/s”)(0.375 m) =6.58 rad/s 
0.281 kg -m° i o “ 

EVALUATE: Mechanical energy is not conserved in the collision. The kinetic energy of the bar just after the 
collision is less than the kinetic energy of the bird just before the collision. 

IDENTIFY: Angular momentum is conserved, since the tension in the string is in the radial direction and therefore 


O, = et +2 m,,g(0.375 m) . @,= jev rad/s)? + 


produces no torque. Apply XF = mä to the block, with a=a,,,=v"/r. 


SETUP: The block’s angular momentum with respect to the hole is L = mvr . 
2 
EXECUTE: The tension is related to the block’s mass and speed, and the radius of the circle, by T = Wes 


P 
ab ay) 2 2 
T =m? l i = = (rer) g ~- The radius at which the string breaks is 
r m r mr mr 
2 2 ((0.250 kg)(4.00 0.800 m) Ý 
„pE mny _(( )(4.00 m/s)(0.800 m)) , from which r = 0.440 m. 
MT MT rox (0.250 kg)(30.0 N) 


0.800 m 


EVALUATE: Just before the string breaks the speed of the rock is (4.00 mist iG 
440 m 


)- 7.27 m/s. We can 


verify that v = 7.27 m/s and r =0.440 m do give T =30.0N. 
IDENTIFY and SETUP: Apply conservation of angular momentum to the system consisting of the disk and train. 
SETUP: L,=L,, counterclockwise positive. The motion is sketched in Figure 10.93. 


Wy 


(disk) both the train and the platform are at rest) 


) L =0 (before you switch on the train’s engine; 
L,=L 


+L 


train disk 


Figure 10.93 


EXECUTE: The train is +(0.95 m) =0.475 m from the axis of rotation, so for it 

I, =m,R? = (1.20 kg)(0.475 m)? = 0.2708 kg -m? 

/ R, = (0.600 m/s)/0.475 s =1.263 rad/s 

This is the angular velocity of the train relative to the disk. Relative to the earth @, = @,, + Q. 


Thus Loain =/,@, =1,(@, 


el 


Oel = Viel 
+Q,). 
L, =L, says Lass =—Leain 

Lis =L@ where I, =4m,R; 

TM Ri =-] (Oe + @) 

a (0.2708 kg -m*)(1.263 rad/s) 
1m,R; +I, 1(7.00 kg)(0.500 m)’ + 0.2708 kg -m° 
EVALUATE: The minus sign tells us that the disk is rotating clockwise relative to the earth. The disk and train 
rotate in opposite directions, since the total angular momentum of the system must remain zero. Note that we 
applied L = L, in an inertial frame attached to the earth. 

IDENTIFY: / for the wheel is the sum of the values of J for each of its parts, the rim and each spoke. The total 
length of wire is constant. The motion is related to the friction torque by Èr =1a,. 


10, 


0, = = —0.30 rad/s. 


SETUP: 4R+27zR=L,, where R is the radius of the wheel and therefore the length of each of the four spokes. 
The mass of a piece is proportional to the length of that piece. 


=MR. m; -Ru -( 2 my. 


L 
EXECUTE: (a) R=—°~—. I di 
Ly 4+2n 


442° °™ 


2 
=M Lyp TRIO) Mol La =tm 
T+ 


0 


R.m = 
2m+4 


and 


spoke T 


L 


spoke = 3° “spoke 0 


1 


Tore = M Lg ——— = (3.065 x10“) ML. 1 = Lim + 41, 
m+4) 


spoke 


=(7.00x10°)M,L;. 


rim 
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10.95. 


10.96. 


10.97. 


10.98. 


(b) @, =@,+a,t gives a, = a Then È` r, =æ, gives t; = (7.00x10°)M L 


EVALUATE: Ifthe wire were bent into a circle, without spokes, the moment of inertia would be 
M,L, , : ; 

R= Giant =(9.46x 10°)M,L; . The actual value of J for the wheel is less than this because the mass in the 
+27 

spokes is closer to the axis than the rim. 


IDENTIFY and SETUP: Use the methods stipulated in the problem. 
EXECUTE: (a) The initial angular momentum with respect to the pivot is mvr, and the final total moment of 


0 


inertia is 7 + mr’, so the final angular velocity is @= mr] (mr? +1). 

(b) The kinetic energy after the collision is converted to gravitational potential energy, so 
REEE 2(M +m)gh 
—ao (mr +I)=(M+m)gh,or o= >s. 
2 ( ) ( )8 (mr? +I ) 


c) Substitution of 7 = Mr’ into the result of part (a) gives œ =| —— |(v/r , and into the result of part (b), 
E £ m+M 


@=./2gh(1/r), which are consistent with the forms for v. 


EVALUATE: [= Mr’ applies approximately when the pendulum consists of a heavy catcher mounted on a light 


arm. In the actual apparatus some of the mass is distributed closer to the axis and J < Mr’. 

IDENTIFY: Apply conservation of momentum to the system of the runner and turntable 

SET Up: Let the positive sense of rotation be the direction the turntable is rotating initially. 

EXECUTE: The initial angular momentum is J@, —mRyv, , with the minus sign indicating that runner’s motion is 


opposite the motion of the part of the turntable under his feet. The final angular momentum is @,(/ + mR’), so 
lo, —mRy, 
I+mR* 


Q, = 
op, — 80 kgm? (0.200 rad/s) — (55.0 kgX(3.00 m)(2.8 m/s) _ 
a (80 kg - m°) + (55.0 kg)(3.00 m)? 7 


EVALUATE: The minus sign indicates that the turntable has reversed its direction of motion. This happened 
because the man had the larger magnitude of angular momentum initially. 


0.776 rad/s . 


IDENTIFY: Treat the moon as a point mass, so L = J@= mr’æ , where r is the distance of the moon from the 
center of the earth. Conservation of angular momentum says dL /dt=0. 


SETUP:  dr/dt =3.0 cm/y =3.0x10~ m/y. The period of the moon’s orbital motion is 27.3 d =2.36x10° s. 
r=3.84x10° m. 


EXECUTE: dL/dt= U nro = TOP a ig 0,so BO at OE : 
dt dt d dt r dt 
-6 
EA ELE T E as) (3.0x107 m/y) =—4.2x10°" rad/s per year . 
T  236x10°s dt 3.84x10° m 


do. ; PORN : 
a is negative, so the angular velocity is decreasing. 
t 


EVALUATE: L=mr’q@.IfL is constant, then @ decreases when r increases. The fractional changes in r and 

æ are very, very small. 

IDENTIFY: Follow the method outlined in the hint. 

SETUP: J=maAv,,,. AL=J(x-X.,) - 

EXECUTE: The velocity of the center of mass will change by Av,,, =J/m and the angular velocity will change by 

_ I (X= Xen) J I= Xn) Xem 3 
I m I 


Ao . The change is velocity of the end of the bat will then be Av,,, = Av,,, — AOX,m = 


Setting Av,,, =0 allows cancellation of J and gives I = (x — Xm )X.„m, Which when solved for x is 

vey -630 x10°kg-m’) 
Xam “(0.600 m)(0.800 kg) 

EVALUATE: The center of percussion is farther from the handle than the center of mass. 


+ (0.600 m) =0.710 m. 
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10.99. IDENTIFY and SET UP: Follow the analysis that led to Eq.(10.33). 


EXECUTE: In Figure 10.33a in the textbook, if the vector f and hence the vector L are not horizontal but make 
an angle Ø with the horizontal, the torque will still be horizontal (the torque must be perpendicular to the vertical 


weight). The magnitude of the torque will be œr cos 2 , and this torque will change the direction of the horizontal 
component of the angular momentum, which has magnitude L cos £ . Thus, the situation of Figure 10.35 in the 


textbook is reproduced, but with Lroiz instead of L. Then, the expression found in Eq. (10.33) becomes 


E jaz] [Lec 7 
odt dt 7 [Eon 


T _ mgr cosB _ wr. 
LeosB Ila 


Q 


EVALUATE: The torque and the horizontal component of L both depend on 8 by the same factor, cos £ . 
10.100. IDENTIFY: Apply conservation of energy to the motion of the ball. 
SETUP: In relating +mv¿ and +/o”, instead of v,,, = Rø use the relation derived in part (a). Z =2mR?. 


EXECUTE: (a) Consider the sketch in Figure 10.100. 
The distance from the center of the ball to the midpoint of the line joining the points where the ball is in contact 


with the rails is 4/ R° — (d/2) , SO V,,, =@ R° -d?°/4 . When d =0, this reduces to v, =@R, the same as rolling 


on a flat surface. When d =2R, the rolling radius approaches zero, and v,,, > 0 for any æ. 


2 


l 2 l, os 1 2 2 v, mv? 2 
b) K= +—I@ = +(2/5)mR m =—™|54 
(b) anv + 10" = >| Mven (2/5)m R (aa) 10 | ri 


Setting this equal to mgh and solving for V,m gives the desired result. 
(c) The denominator in the square root in the expression for v,» is larger than for the case d =0, so v,,, is smaller. 
For a given speed, æ is larger than in the d =0 case, so a larger fraction of the kinetic energy is rotational, and the 


translational kinetic energy, and hence v,,, , is smaller. 


cm ? 


(d) Setting the expression in part (b) equal to 0.95 of that of the d =0 case and solving for the ratio d/R gives 
d/R =1.05. Setting the ratio equal to 0.995 gives d/R =0.37. 


Ogh ; 
EVALUATE: Ifwe set d =0 in the expression in part (b), Vom = ae , the same as for a sphere rolling down a 


ramp. When d — 2R , the expression gives v.,, =0, as it should. 


Ne 
Figure 10.100 


10.101. IDENTIFY: Apply SF, =ma,,, and bee =I,,,a@, to the motion of the cylinder. Use constant acceleration equations 


xt 


to relate a, to the distance the object travels. Use the work-energy theorem to find the work done by friction. 


SET Up: The cylinder has /,,,=4MR’ . 


TA 
EXECUTE: (a) The free-body diagram is sketched in Figure 10.101. The friction force is 


: ; . . JR uMgR Weg 
= 4n = u4, Mg, so a= . The magnitude of the angular acceleration is f =k = BERS, 
f= Mn = Mg Hg g gu T  (i2)Mr?~ R 


Ra, Ra, 


% 


a+Ra g+ 34,8" 


(b) Setting v = at = øR = (a - at)R and solving for t gives t= 


Ra, ) _ Ra; 


1 1 
and d =—at? = ‘ 
a 2 (me 1814.8 
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10.102. 


10.103. 


(c) The final kinetic energy is (3/4) Mv = (3/4)M (at) , so the change in kinetic energy is 


2 
1 
Keay pe AO | 1 tae eae 
4 34g 4 6 
EVALUATE: The fraction of the initial kinetic energy that is removed by friction work is + Tina = 3 This 
4 % 


fraction is independent of the initial angular speed @, . 


Mg 
Figure 10.101 


IDENTIFY: The vertical forces must sum to zero. Apply Eq.(10.33). 
SET Up: Denote the upward forces that the hands exert as F, and F,. t=(F, —F,)r, where r =0.200 m. 


EXECUTE: The conditions that F, and F, must satisfy are F, + F} =wand F, —F, = ee , where the second 
r 

equation is T =QL, divided by r. These two equations can be solved for the forces by first adding and then subtracting, 

yielding F, = ws a!) and F, = (w-0%2} Using the values w = mg = (8.00 kg)(9.80 m/s’) = 78.4 N and 
r r 

Iœ _ (8.00 kg)(0.325 m)*(5.00 rev/sx2z rad/rev) 

r (0.200 m) 

F, =39.2 N+ Q(66.4N:-s), F =39.2 N-(66.4 N -s). 

(a) Q=0,F, =F, =39.2N. 

(b) Q=0.05 rev/s =0.314 rad/s, F, =60.0 N, Fp =18.4 N. 

(© Q=0.3 rev/s =1.89 rad/s, F, =165 N, F; = —86.2 N , with the minus sign indicating a downward force. 
39.2 N 


e) F, =0 gives Q =———— =0.575 rad/s, which is 0.0916 rev/s. 
S 66.4 N:s / / 


EVALUATE: The larger the precession rate Q , the greater the torque on the wheel and the greater the difference 
between the forces exerted by the two hands. 

IDENTIFY: The answer to part (a) can be taken from the solution to Problem 10.92. The work-energy theorem 
says W=AK. 

SET Up: Problem 10.92 uses conservation of angular momentum to show that 7v, =), . 


= 132.7 kg-m/s gives 


EXECUTE: (a) T=myjr?/r’. 


(b) T and df are always antiparallel. T -dř = -Tdr . 


n dr mv? 1 1 
W=-| T dr =m | 3 = A “| | 


1 bse ; 
(© v, =v, (7/7), so AK = 3 m(v; v?) = = [G; Iny -1] , Which is the same as the work found in part (b). 


EVALUATE: The work done by T is positive, since T is toward the hole in the surface and the block moves 
toward the hole. Positive work means the kinetic energy of the object increases. 
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11.1. 


11.2. 


11.3. 


11.4. 


11.5. 


IDENTIFY: Use Eq.(11.3) to calculate x,,,. The center of gravity of the bar is at its center and it can be treated as 
a point mass at that point. 
SET Up: Use coordinates with the origin at the left end of the bar and the +x axis along the bar. m, = 2.40 kg, 
m, =1.10 kg, m, =2.20 kg. 

_ mx,+m,x,+m,x, _ (2.40 kg)(0.250 m) + 0 + (2.20 kg)(0.500 m) 
bg m +m, +m, 2.40 kg +1.10 kg +2.20 kg 


should be placed 29.8 cm to the right of the left-hand end. 

EVALUATE: The mass at the right-hand end is greater than the mass at the left-hand end. So the center of gravity 
is to the right of the center of the bar. 

IDENTIFY: Use Eq.(11.3) to calculate x, of the composite object. 


EXECUTE: x 


= 0.298 m. The fulcrum 


SET Up: Use coordinates where the origin is at the original center of gravity of the object and +x is to the right. 
With the 1.50 g mass added, x,,, =—-2.20 cm, m, =5.00 g and m, =1.50 g. x, =0. 


nim), (17g 


m, X. 
EXECUTE: xX =A a 


™ m +m, 1.50 g 
The additional mass should be attached 9.53 cm to the left of the original center of gravity. 
EVALUATE: The new center of gravity is somewhere between the added mass and the original center of gravity. 


IDENTIFY: The center of gravity of the combined object must be at the fulcrum. Use Eq.(11.3) to calculate x n 


I 2.20 cm) = —9.53 cm. 


mM, 


SET Up: The center of gravity of the sand is at the middle of the box. Use coordinates with the origin at the 
fulcrum and +x to the right. Let m, = 25.0 kg , so x, =0.500 m. Let m, =m so x, =—0.625 m. Xm =0. 
0.500 m 
3 —0.625 m 


EVALUATE: The mass of sand required is less than the mass of the plank since the center of the box is farther 
from the fulcrum than the center of gravity of the plank is. 
IDENTIFY: Apply the first and second conditions for equilibrium to the trap door. 


SETUP: For Èr, =0 take the axis at the hinge. Then the torque due to the applied force must balance the 


sand ? 
Pence: Oy Ee nd fa cosy o| 
X. 


cm 
m +m, 


J= 200 ke. 


torque due to the weight of the door. 

EXECUTE: (a) The force is applied at the center of gravity, so the applied force must have the same magnitude as 
the weight of the door, or 300 N. In this case the hinge exerts no force. 

(b) With respect to the hinges, the moment arm of the applied force is twice the distance to the center of mass, so 
the force has half the magnitude of the weight, or 150 N . The hinges supply an upward force of 

300 N—150 N =150 N. 

EVALUATE: Less force must be applied when it is applied farther from the hinges. 

IDENTIFY: Apply }'z, =0 to the ladder. 

SET Up: Take the axis to be at point A. The free-body diagram for the ladder is given in Figure 11.5. The torque 


due to F must balance the torque due to the weight of the ladder. 
EXECUTE: (8.0 m)sin 40° = (2800 N)(10.0 m), so F =5.45 kN. 
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EVALUATE: The force required is greater than the weight of the ladder, because the moment arm for F is less 


than the moment arm for w. 
F 


40° k—8.0 m 


C 
10.0 m 


2800 N 


Figure 11.5 


11.6. IDENTIFY: Apply the first and second conditions of equilibrium to the board. 
SET Up: The free-body diagram for the board is given in Figure 11.6. Since the board is uniform its center of 


gravity is 1.50 m from each end. Apply XF, =0,with +y upward. Apply Xr =0 with the axis at the end 


where the first person applies a force and with counterclockwise torques positive. 

EXECUTE: ))F, =0 gives F,+F,-w=0 and F,=w-F,=160 N-60N=100N. }°r=0 gives 
w 

F,x—w(1.50 m)=0 and x= (= 


2 


160 N ; : 
Jaso m) = ERNE m) = 2.40 m . The other person lifts with a force of 
100 N at a point 2.40 m from the end where the other person lifts. 

EVALUATE: By considering the axis at the center of gravity we can see that a larger force is applied by the 
person who pushes closer to the center of gravity. 


Axis <——1.50m ——> 


w 


Figure 11.6 


11.7. IDENTIFY: Apply JF, =0and `r, =0 to the board. 
SET Up: Let +y be upward. Let x be the distance of the center of gravity of the motor from the end of the board 
where the 400 N force is applied. 
EXECUTE: (a) If the board is taken to be massless, the weight of the motor is the sum of the applied forces, 
(2.00 m)(600 N) 
(1000 N) 
is 0.800 m from the end where the 600 N force is applied. 
(b) The weight of the motor is 400 N+ 600 N—200 N =800N. Applying ye =0 with the axis at the end of the 
board where the 400 N acts gives (600 N)(2.00 m) = (200 N)(1.00 m) + (800 N)x and x =1.25 m. The center of 


gravity of the motor is 0.75 m from the end of the board where the 600 N force is applied. 
EVALUATE: The motor is closest to the end of the board where the larger force is applied. 
11.8. IDENTIFY: Apply the first and second conditions of equilibrium to the shelf. 
SETUP: The free-body diagram for the shelf is given in Figure 11.8. Take the axis at the left-hand end of the 
shelf and let counterclockwise torque be positive. The center of gravity of the uniform shelf is at its center. 


EXECUTE: (a) Èr =0 gives —w, (0.200 m) — w, (0.300 m) + T (0.400 m)=0. 

T= (25.0 N)(0.200 m) + (50.0 N)(0.300 m) 
0.400 m 

> F, =0 gives T, +T, —w,-—w, =0 and T, =25.0 N . The tension in the left-hand wire is 25.0 N and the tension in 

the right-hand wire is 50.0 N. 


1000 N. The motor is a distance =1.20 m from the end where the 400 N force is applied, and so 


=50.0N 
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11.9. 


11.10. 


EVALUATE: We can verify that DT =0 is zero for any axis, for example for an axis at the right-hand end of the 
shelf. 


y 


20.0 cm 10.0 cm, 10.0 cm 


KK 


20.0 cm 


w, = 50.0 N 
Figure 11.8 


IDENTIFY: Apply the conditions for equilibrium to the bar. Set each tension equal to its maximum value. 
SETUP: Let cable A be at the left-hand end. Take the axis to be at the left-hand end of the bar and x be the 
distance of the weight w from this end. The free-body diagram for the bar is given in Figure 11.9. 


EXECUTE: (a) XF, =0 gives T, +T, —W-— W, =0 and 
w=T, +T, — W, = 500.0 N + 400.0 N -350.0 N =550 N . 
(b) Xr, =0 gives T,(1.50 m)— wx- w,„(0.750 m) =0. 


KS T; (1.50 m) - W,a (0.750 m) _ (400.0 N)(1.50 m) - (350 N)(0.750 m) helin heweh He placed 
w 550 N 

0.614 m from the left-hand end of the bar. 

EVALUATE: Ifthe weight is moved to the left, T, exceeds 500.0 N and if it is moved to the right T, exceeds 


400.0 N. 


Whar 


Figure 11.9 


IDENTIFY: Apply the first and second conditions for equilibrium to the ladder. 

SETUP: Let n, be the upward normal force exerted by the ground and let n, be the horizontal normal force 
exerted by the wall. The maximum possible static friction force that can be exerted by the ground is 4n, . 
EXECUTE: (a) Since the wall is frictionless, the only vertical forces are the weights of the man and the ladder, 
and the normal force n,. For the vertical forces to balance, n, = w, + w,, = 160 N +740 N =900 N, and the 
maximum frictional force is u,n, = (0.40)(900N) =360N . 

(b) Note that the ladder makes contact with the wall at a height of 4.0 m above the ground. Balancing torques 
about the point of contact with the ground, (4.0 m)n, =(1.5 m)(160 N) + (1.0 m)(3/5)(740 N) =684 N-m, so 

n, =171.0 N . This horizontal force about must be balanced by the friction force, which must then be 170 N to two 
figures. 

(c) Setting the friction force, and hence n,, equal to the maximum of 360 N and solving for the distance x along the 


ladder, (4.0 m)(360 N) = (1.50 m)(160 N) + x(3/5)(740 N), so x =2.7 m. 
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11.11. 


11.12. 


EVALUATE: The normal force exerted by the ground doesn’t change as the man climbs up the ladder. But the 
normal force exerted by the wall and the friction force exerted by the ground both increase as he moves up the ladder. 
IDENTIFY: The system of the person and diving board is at rest so the two conditions of equilibrium apply. 

(a) SETUP: The free-body diagram for the diving board is given in Figure 11.11. Take the origin of coordinates 
at the left-hand end of the board (point A). 


y 


1.00 m F, is the force applied at 


the support point and F, is 


the force at the end that is 
held down. 


3.00 m 
Figure 11.11 


Execute: 77, =0 gives +(1.0 m)—(500 N)(3.00 m) —(280 N)(1.50 m) = 0 


_ (500 N)(3.00 m) + (280 N)(1.50 m) 
7 1.00m 


F 


1 


=1920 N 


(b) XF, =ma, 

F -F,-280 N-500N=0 

F, = F —280 N -500 N =1920 N -280 N -500 N =1140 N 

EVALUATE: We can check our answers by calculating the net torque about some point and checking that 7, = 0 


for that point also. Net torque about the right-hand of the board: 

(1140 N)(3.00 m)+(280 N)(1.50 m) — (1920 N)(2.00 m) = 3420 N-m+420 N -m -3840 N-m=0, which checks. 
IDENTIFY: Apply the first and second conditions of equilibrium to the beam. 

SETUP: The boy exerts a downward force on the beam that is equal to his weight. 

EXECUTE: (a) The graphs are given in Figure 11.12. 

(b) x =6.25 m when F, =0, which is 1.25 m beyond point B. 

(c) Take torques about the right end. When the beam is just balanced, F, = 0, so F, = 900 N. The distance that 
(300 N)(4.50 m) 
(900 N) 
EVALUATE: When the beam is on the verge of tipping it starts to lift off the support A and the normal force 

F, exerted by the support goes to zero. 


point B must be from the right end is then =1.50 m. 


F (N) 
1000 
900 
800 
700 
600 
500 
400 


300 


200 x(m) 
O20) HOS 25125 oS. S E E E. a E 555665" +7 


Figure 11.12 
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IDENTIFY: Apply the first and second conditions of equilibrium to the strut. 
(a) SET Up: The free-body diagram for the strut is given in Figure 11.13a. Take the origin of coordinates at the 
hinge (point A) and +y upward. Let F, and F, be the horizontal and vertical components of the force F exerted 


on the strut by the pivot. The tension in the vertical cable is the weight w of the suspended object. The weight w of 


the strut can be taken to act at the center of the strut. Let L be the length of the strut. 
ad 


EXECUTE: 
SR =ma, 
F.-w-w=0 
F,=2w 


L sin 30° 


(L]2) cos 30° 
L cos 30° 


Figure 11.13a 


Sum torques about point A. The pivot force has zero moment arm for this axis and so doesn’t enter into the torque 
equation. 
T,=0 
TL sin30.0° — w((L/2)cos30.0°) — w(Lcos30.0°) = 0 
T sin30.0° — (3w/2)cos30.0° =0 
_ 3wcos30.0° 
~ 2sin30.0° 
Then yea =ma, implies T—F,=0 and F, =2.60w. 


= 2.60w 


We now have the components of F so can find its magnitude and direction (Figure 11.13b) 
FaJF?+F? 


F =/(2.60w) + (2.00) 


F =3,28w 

f spat _ 2.00w 
,  2.60w 

0 =37.6° 


Figure 11.13b 
(b) SET Up: The free-body diagram for the strut is given in Figure 11.13c. 


y + 


T cos 30° 


Tsin 30 


L sin 45° 


< > 
20 
L cos 45 


Figure 11.13c 


The tension T has been replaced by its x and y components. The torque due to T equals the sum of the torques of its 
components, and the latter are easier to calculate. 
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EXECUTE: Xt = 0 + (T cos30.0°)(Lsin 45.0°) — (T sin 30.0°)(L cos 45.0°) — 
w((L/2)cos45.0°) — w(Lcos45.0°) =0 


The length L divides out of the equation. The equation can also be simplified by noting that sin45.0° = cos45.0°. 
Then 7(cos30.0°—sin30.0°) =3w/2. 


T= 3w 
2(cos30.0° — sin 30.0°) 

È F =ma, 

F, -T cos30.0°=0 

F, = T cos30.0° = (4.10w)(cos30.0°) =3.55w 

Èr, =ma, 

F. —w-—w-Tsin30.0° =0 

F, =2w+(4.10w)sin30.0° = 4.05w 


=4.10w 


From Figure 11.13d, 
F=] F? +F? 


F =G.55wy + (4.05w)? =5.39w 


F 405w 
tan = — = 

F, 3.55w 
0 =48.8° 


Figure 11.13d 


EVALUATE: In each case the force exerted by the pivot does not act along the strut. Consider the net torque about 
the upper end of the strut. If the pivot force acted along the strut, it would have zero torque about this point. The 
two forces acting at this point also have zero torque and there would be one nonzero torque, due to the weight of 
the strut. The net torque about this point would then not be zero, violating the second condition of equilibrium. 
IDENTIFY: Apply the first and second conditions of equilibrium to the beam. 

SET Up: The free-body diagram for the beam is given in Figure 11.14. H, and H, are the vertical and 
horizontal components of the force exerted on the beam at the wall (by the hinge). Since the beam is uniform, its 
center of gravity is 2.00 m from each end. The angle 0 has cos@ =0.800 and sin@ = 0.600 . The tension T has 
been replaced by its x and y components. 


EXECUTE: (a) H,,H,, and T, =Tcos@ all produce zero torque. Èr =0 gives 

(150 N)(2.00 m) + (300 N)(4.00 m) 
(4.00 m)(0.600) 

(b) SE, =0 gives H, =Tcos@=0 and H, =(625 N)(0.800) =500 N. DF, =0 gives 

H,-w-w,,4+Tsin9=0 and H, =w+ Wea -Tsin =150 N +300 N — (625 N)(0.600) =75 N. 

EVALUATE: Foran axis at the right-hand end of the beam, only w and H, produce torque. The torque due to w is 


—w(2.00 m) — Waa (4.00 m) +T sin (4.00 m)=0 and T = =625N. 


counterclockwise so the torque due to H, must be clockwise. To produce a counterclockwise torque, H, must be 


upward, in agreement with our result from ile =0. 


Gy 


Tsiné 


Tcos# 4 


is < 2.00m >< 2.00m > 


w 


Figure 11.14 
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11.15. 


11.16. 


IDENTIFY: Apply the first and second conditions of equilibrium to the door. 
SET Up: The free-body diagram for the door is given in Figure 11.15. Let H, and H, be the forces exerted by 
the upper and lower hinges. Take the origin of coordinates at the bottom hinge (point A) and +y upward. 


EXECUTE: 
We are given that 
H, =H,, =w/2=140N. 


The horizontal components of the 
hinge forces are equal in magnitude 
and opposite in direction. 


Figure 11.15 


Sum torques about point A. H 


lv? 


this point. Thus De =0 gives H,, (1.00 m) — w(0.50 m) =0 


H,,, and H,, all have zero moment arm and hence zero torque about an axis at 


0.50 m 
Ay = vf cog 4280 N)=140N. 
The horizontal component of each hinge force is 140 N. 

EVALUATE: The horizontal components of the force exerted by each hinge are the only horizontal forces so must 
be equal in magnitude and opposite in direction. With an axis at A, the torque due to the horizontal force exerted by 
the upper hinge must be counterclockwise to oppose the clockwise torque exerted by the weight of the door. So, 
the horizontal force exerted by the upper hinge must be to the left. You can also verify that the net torque is also 
zero if the axis is at the upper hinge. 

IDENTIFY: Apply the conditions of equilibrium to the wheelbarrow plus its contents. The upward force applied 
by the person is 650 N. 

SETUP: The free-body diagram for the wheelbarrow is given in Figure 11.16. F =650 N, w„ =80.0 N and w is 
the weight of the load placed in the wheelbarrow. 


EXECUTE: (a) bie =Q with the axis at the center of gravity gives n(0.50 m)-— F (0.90 m) = 0 and 


„=r m)=1170N, Š F, =0 gives F+n-w,, —w=0and 
m 


w=F+n-w,, =650 N+1170 N—80.0N=1740N. 
(b) The extra force is applied by the ground pushing up on the wheel. 
EVALUATE: You can verify that Dg =0 for any axis, for example for an axis where the wheel contacts the 


ground. 


Figure 11.16 
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11.17. IDENTIFY: Apply the first and second conditions of equilibrium to Clea. 
SETUP: Consider the forces on Clea. The free-body diagram is given in Figure 11.17 
Me [095 mf" EXECUTE: 
axis n, = 89 N, ng =157 N 
=i +] 
| n, +n, =w so w=246N 
W 
Figure 11.17 
Yi =0, axis at rear feet 
Let x be the distance from the rear feet to the center of gravity. 
n;(0.95 m)-xw=0 
x=0.606 m from rear feet so 0.34 m from front feet. 
EVALUATE: The normal force at her front feet is greater than at her rear feet, so her center of gravity is closer to 
her front feet. 
11.18. IDENTIFY: Apply the conditions for equilibrium to the crane. 
SETUP: The free-body diagram for the crane is sketched in Figure 11.18. F, and F, are the components of the 
force exerted by the axle. T pulls to the left so F, is to the right. T also pulls downward and the two weights are 
downward, so F, is upward. 
EXECUTE: (a) DT, =0 gives T([13 m]sin25° — w,([7.0 m]cos55°) — w,([16.0 m]cos55° =0. 
T= (11,000 N)({16.0 m]cos55°) + (15,000 N)([7.0 m]cos55°) _ 293x10 N. 
(13.0 m)sin 25° 
(b) >°F, =0 gives F, -Tcos30°=0and F, =2.54x10°N. 
$ F, =0 gives F, -Tsin30°- w, -w, =Oand F, =4.06x10° N . 
4 
EVALUATE: tanĝ = Pa SOGI 7 X and 0 = 58° . The force exerted by the axle is not directed along the crane. 
F, 2.54x10°N 
hd 
© 
wp = 11,000 N 
SF 
(13 m)sin 25%, | / we = 15,000 N 
- x 
Figure 11.18 
11.19. IDENTIFY: Apply the first and second conditions of equilibrium to the rod. 
SETUP: The force diagram for the rod is given in Figure 11.19. 
T T. 
P Tsin 30° (+) me 2 
Oo. T,cos 4 


1.00 m 


T cos 30° 1.50 m 


0.50 m N 
axis 


90 N 
240 N 


Figure 11.19 
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EXECUTE: Xt =0, axis at right end of rod, counterclockwise torque is positive 
(240 N)(1.50 m) + (90 N)(0.50 m) — (T, sin30.0°)(3.00 m) = 0 

360 N-m+45N-m 
~ 1.50 m 
DF =ma, 
T, cos @—T,cos30°=0 and T,cos@ =234 N 
> F,=ma, 
T, sin30° +T, sin 0 -240 N -90 N=0 
T, sin 0 =330 N - (270 N)sin30° =195 N 
T,sinð _ 195 N 


=270 N 


1 


Then =——— gives tan@ =0.8333 and 0=40° 
T, cos 234N 
And T, = Es Xz 303 N. 
sin 40° 


EVALUATE: The monkey is closer to the right rope than to the left one, so the tension is larger in the right rope. 
The horizontal components of the tensions must be equal in magnitude and opposite in direction. Since T, >7,, the 


rope on the right must be at a greater angle above the horizontal to have the same horizontal component as the 
tension in the other rope. 

11.20. IDENTIFY: Apply the first and second conditions for equilibrium to the beam. 
SETUP: The free-body diagram for the beam is given in Figure 11.20. 
EXECUTE: The cable is given as perpendicular to the beam, so the tension is found by taking torques about the 
pivot point; 7(3.00 m) = (1.00 kN)(2.00 m)cos25.0° + (5.00 kKN)(4.50 m)cos25.0°, and T = 7.40 kN . The vertical 


component of the force exerted on the beam by the pivot is the net weight minus the upward component of T, 
6.00 kN -T cos25.0° = 0.17 KN. The horizontal force is T sin25.0° = 3.13 KN. 


EVALUATE: The vertical component of the tension is nearly the same magnitude as the total weight of the object 


and the vertical component of the force exerted by the pivot is much less than its horizontal component. 
R, 


5.00 kN 
Figure 11.20 


11.21. (a) IDENTIFY and SETUP: Use Eq.(10.3) to calculate the torque (magnitude and direction) for each force and add 
the torques as vectors. See Figure 11.21a. 


EXECUTE: 
(+') F l T, = Fl, = +(8.00 N)(3.00 m) 
| É T, = +24.0 N-m 


t, =—-F\l, = -(8.00 N)(/ +3.00 m) 
T, = -24.0 N -m - (8.00 N)/ 


axis 


3.00 m l 


Figure 11.21a 
ye =T, +T, =+24.0 N-m—24.0 N -m — (8.00 N)/ =-(8.00 N)/ 
Want / that makes Èr, =-6.40 N -m (net torque must be clockwise) 


~(8.00 N)/ =-6.40 N-m 
1 =(6.40 N- m)/8.00 N =0.800 m 
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(b) |r,|>Jz,| since F, has a larger moment arm; the net torque is clockwise. 
(c) See Figure 11.21b. 


t, =—F, =-(8.00 N)/ 


T, =0 since F, is at the axis 
axis 


Figure 11.21b 


$ r, =-6.40 N-m gives -(8.00 N)/ =-6.40 N-m 
l =0.800 m, same as in part (a). 
EVALUATE: The force couple gives the same magnitude of torque for the pivot at any point. 
11.22. IDENTIFY: Y= bP 
AAI 
SETUP: A=50.0 cm’ =50.0x107 m’. 
(0.200 m)(25.0 N) 
(50.0x10* m’)(3.0x107 m) 
(0.200 m)(500 N) 
(50.0x10~ m’)(3.0x107 m) 
EVALUATE: The muscle tissue is much more difficult to stretch when it is under maximum tension. 
11.23. IDENTIFY and SETUP: Apply Eq.(11.10) and solve for A and then use A= sr’ to get the radius and d =2r to 
calculate the diameter. 


EXECUTE: relaxed: Y = =3.33x10* Pa 


= 6.67x10° Pa 


maximum tension: Y = 


LF LF ; ; ; 
EXECUTE: Y= so A=-*+ (A is the cross-section area of the wire) 
AAl Y Al 


For steel, Y =2.0x10'' Pa (Table 11.1) 
(2.00 m)(400 N) 
(2.0x10'' Pa)(0.25x10~ m) 


A=ar’, so r=VA/a =V1.6x10° m?/2 =7.1x104 m 
d =2r=14x10° m=1.4 mm 
EVALUATE: Steel wire of this diameter doesn’t stretch much; A///, = 0.12%. 
11.24. IDENTIFY: Apply Eq.(11.10). 
SET Up: From Table 11.1, for steel, Y =2.0x10"' Pa and for copper, Y =1.1x10"' Pa. 
A=n(d*/4)=1.77x10" m? . F, = 4000 N for each rod. 


EXECUTE: (a) The strain is ALLE For steel 2A CODD 


l YA l (2.0x10!' Pa)(1.77x10* m°) 


Thus 4 = =1.6x10° m°. 


=1.1x10*. Similarly, the 


strain for copper is 2.1x10™. 
(b) Steel: (1.1x10*)(0.750 m) =8.3x10° m . Copper: (2.1x10“*)(0.750 m) =1.6x10% m. 
EVALUATE: Copper has a smaller Y and therefore a greater elongation. 
= LF, 
AN 
SeTUp: 4=0.50 cm’ =0.50x10* m? 

(4.00 m)(5000 N) 
(0.50x10~* m’)(0.20 x10 m) 
EVALUATE: Our result is the same as that given for steel in Table 11.1. 


11.26. IDENTIFY: y-LE 
AAl 


SETUP: A=ar? =2(3.5x10° m)? =3.85x10° m’. The force applied to the end of the rope is the weight of the 
climber: F, = (65.0 kg)(9.80 m/s?) = 637 N. 

(45.0 m)(637 N) 
(3.85x10° m*)(1.10 m) 


EVALUATE: Our result is a lot smaller than the values given in Table 11.1. An object made of rope material is 
much easier to stretch than if the object were made of metal. 


11.25. IDENTIFY: Y 


EXECUTE: Y= =2.0x10'' Pa 


EXECUTE: Y= =6.77x10° Pa 


Equilibrium and Elasticity 11-11 


11.27. IDENTIFY: Use the first condition of equilibrium to calculate the tensions 7; and T, in the wires (Figure 11.27a). 
Then use Eq.(11.10) to calculate the strain and elongation of each wire. 


0.50 nl 


0.50 m| 


m, = 10.0 kg 


Figure 11.27a 


SETUP: The free-body diagram for m, is given in Figure 11.27b. 


y 


EXECUTE: 

i a 
T, -mg =0 
T, =98.0 N 


Figure 11.27b 


SETUP: The free-body-diagram for m, is given in Figure 11.27c 
j EXECUTE: 


aa 


=98.0 N +58.8 N=157N 


Figure 11.27c 


(a) Y= sigs ee ae stress as Fo 
strain Y AY 
upper wire: strain = Hes = 2 N m =3.1x10° 
AY (2.5x107 m?\(2.0x10" Pa) 
lower wire: strain = T, RN =2.0x10° 


AY (2.5x107 m2\(2.0x10" Pa) 
(b) strain = A///, so Al =. (strain) 

upper wire: A/ = (0.50 m)(3.1x107) =1.6x10° m=1.6 mm 
lower wire: AZ = (0.50 m)(2.0x10~) =1.0x10° m=1.0 mm 


EVALUATE: The tension is greater in the upper wire because it must support both objects. The wires have the 
same length and diameter, so the one with the greater tension has the greater strain and elongation. 
11.28. IDENTIFY: Apply Eqs.(11.8), (11.9) and (11.10). 


SET Up: The cross-sectional area of the post is A = zr? = (0.125 m}? =0.0491 m’. The force applied to the end 
of the post is F, =(8000 kg)(9.80 m/s’) =7.84x10* N . The Young’s modulus of steel is Y = 2.0x10"' Pa . 
F, _7.84x10*N 
A 0.0491 m? 
_ stress 1.60x10° Pa 
Y 2.0x10" Pa 
(c) Al = L (strain) = (2.50 m)(-8.0x10°) = -2.0 x10% m 
EVALUATE: The fractional change in length of the post is very small. 
11.29. IDENTIFY: F, =pA,so F,,, =(Ap)A. 
SETUP: 1 atm=1.013x10° Pa. 
EXECUTE: (2.8 atm—1.0 atm)(1.013x10° Pa/atm)(50.0 m?) =9.1x10° N. 
EVALUATE: This is a very large net force. 


=1.60x10° Pa 


EXECUTE: (a) stress = 


b) strain =-8.0 x10% . The minus sign indicates that the length decreases. 
g g 
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11.30. 


11.31. 


11.32. 


11.33. 


11.34. 


11.35. 


11.36. 


IDENTIFY: Apply Eq.(11.13). 
SETUP: AV = ae . Ap is positive when the pressure increases. 


EXECUTE: (a) The volume would increase slightly. 

(b) The volume change would be twice as great. 

(c) The volume change is inversely proportional to the bulk modulus for a given pressure change, so the volume 
change of the lead ingot would be four times that of the gold. 


EVALUATE: For lead, B =4.1x10'° Pa ,so Ap/B is very small and the fractional change in volume is very 
small. 

IDENTIFY: p=F/A 

SETUP: 1cm°=1x10* m? 


EXECUTE: (a) —250N__=3.33x106 Pa. 
0.75x10~ m 


(b) (3.33 x10% Pa)(2)(200x10* m?) =133 KN. 


EVALUATE: The pressure in part (a) is over 30 times larger than normal atmospheric pressure. 
IDENTIFY: Apply Eq.(11.13). Density = m/V . 


SETUP: At the surface the pressure is 1.0x10° Pa, so Ap =1.16x10° Pa. V, =1.00 m’. At the surface 
1.00 m° of water has mass 1.03x10° kg. 


8 3 
Execute: (a) B=- gives ay =- AP __ (16x10 Ee) m') = 0.0527 m’ 
AV B 2.2x10° Pa 
(b) At this depth 1.03x10° kg of seawater has volume V, + AV =0.9473 m° . The density is 
1.03x10° kg 


NOME =1.09x10° kg/m’. 
. m 


EVALUATE: The density is increased because the volume is compressed due to the increased pressure. 
IDENTIFY and SET Up: Use Eqs.(11.13) and (11.14) to calculate B and k. 

Ap _ (3.6x10° Pa)(600 cm*) _ 
AV IV, (-0.45 cm’) 
k =1/B=1/4.8x10° Pa=2.1x10° Pa"! 
EVALUATE: kis the same as for glycerine (Table 11.2). 
IDENTIFY: Apply Eq.(11.17). 


SETUP: F,=9.0x10° N. 4=(0.100 m)(0.500x10~ m). A=0.100 m . From Table 11.1, S=7.5x10" Pa for 


steel. 


EXECUTE: B= +4.8x10° Pa 


F 5 

L ow <—=2.4x107 
AS [(0.100 m)(0.500x10“m)][7.5x10™ Pa] 
(b) Using Eq.(11.16), x = (Shear strain) - h = (0.024)(0.100 m) =2.4x10°m. 


EVALUATE: This very large force produces a small displacement; x/h=2.4%. 


EXECUTE: (a) Shear strain = 


, ‘ Fh 
IDENTIFY: The forces on the cube must balance. The deformation x is related to the force by S = re 
x 


F, =F since F is applied parallel to the upper face. 


SET Up: 4=(0.0600 m)’ and h=0.0600 m. Table 11.1 gives S=4.4x10"° Pa for copper and 0.6x10'° Pa for 

lead. 

EXECUTE: (a) Since the horizontal forces balance, the glue exerts a force F in the opposite direction. 

AxS _ (0.0600 m)*(0.250x 10° m)(4.4x10" Pa) 
h 0.0600 m 

_ Fh _ (6.6x10° N)(0.0600 m) _ 

~ AS (0.0600 m)?(0.6x10"° Pa) 


EVALUATE: Lead has a smaller S than copper, so the lead cube has a greater deformation than the copper cube. 
IDENTIFY and SET Up: Use Eq.(11.17). Same material implies same S 
stress F/A 


(b) F= =6.6x10° N 


1.8 mm 


(©) x 


_ stress 


EXECUTE: S so strain = and same forces implies same Fj. 


strain 
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For the smaller object, (strain), = F / 4S 
For the larger object, (strain), = F/A,S 


(strain), ( A 4S) A 
(strain), (4S) F A, 
(strain), 1 


Larger solid has triple each edge length, so A, =9A,, and =— 


(strain), 9 
EVALUATE: The larger object has a smaller deformation. 
11.37. IDENTIFY and SETUP: Use Eq.(11.8). 
cilia SN =3.41x10’ Pa 


EXECUTE: Tensile stress = — = — = = 
A ar 7(0.92x10~ m) 


EVALUATE: A modest force produces a very large stress because the cross-sectional area is small. 
11.38. IDENTIFY: The proportional limit and breaking stress are values of the stress, F/A . Use Eq.(11.10) to 


calculate A/. 
SET Up: For steel, Y=20x10" Pa. F, =w. 
EXECUTE: (a) w=(1.6x10~)(20x10" Pa)(5x10° m°) =1.60x10° N. 
F Yl 
(b) Al = (2 = (1.6 x10™°)(4.0 m) = 6.4 mm 
AJY 
(e) (6.5x107%)(20x10" PaX(5x10% m°) =6.5x10° N. 
EVALUATE: At the proportional limit, the fractional change in the length of the wire is 0.16%. 
11.39. IDENTIFY: The elastic limit is a value of the stress, F, / A. Apply YF = mä to the elevator in order to find the 


tension in the cable. 
SET UP: E =+1(2.40x10* Pa) =0.80x10* Pa. The free-body diagram for the elevator is given in Figure 11.39. 


F, is the tension in the cable. 

EXECUTE: F, = A(0.80x10° Pa) =(3.00x 107 m’)(0.80x 10° Pa) =2.40x10f N. SF, = ma, applied to the 

F, 240x10 N 
1200 kg 

EVALUATE: The tension in the cable is about twice the weight of the elevator. 


elevator gives F, -mg =ma and a= 9.80 m/s? =10.2 m/s” 


mg 


Figure 11.39 


11.40. IDENTIFY: The breaking stress of the wire is the value of F, /A at which the wire breaks. 


SETUP: From Table 11.3, the breaking stress of brass is 4.7 x10° Pa. The area A of the wire is related to its 
diameter by 4=7d?/4. 


Execure: 4=—22N -745x107 m’, sod =,/4A4/z =0.97 mm. 


4.7x10° Pa 
EVALUATE: The maximum force a wire can withstand without breaking is proportional to the square of its 
diameter. 
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11.41. 


11.42. 


11.43. 


IDENTIFY: Apply the conditions of equilibrium to the climber. For the minimum coefficient of friction the static 
friction force has the value f, = yn. 


SETUP: The free-body diagram for the climber is given in Figure 11.41. f, and n are the vertical and horizontal 
components of the force exerted by the cliff face on the climber. The moment arm for the force Tis (1.4 m)cos10°. 
EXECUTE: (a) Xt =0 gives T(1.4 m)cos10°—w(1.1 m)cos35.0° =0. 

_ (1.1 m)cos35.0° 

(1.4 m)cos10° 
(b) XF, =0 gives n=Tsin25.0°=222N. DF, =0 gives f, +7 cos25°—w=0 and 
f. = (82.0 kg)(9.80 m/s”) — (525 N)cos25°=328N. 
Í _ 328 N 


9 w= =~ =1.48 
O = DON 


EVALUATE: To achieve this large value of 4, the climber must wear special rough-soled shoes. 


(82.0 kg)(9.80 m/s?) =525 N 


Figure 11.41 


IDENTIFY: Apply `r, =0 to the bridge. 

SET Up: Let the axis of rotation be at the left end of the bridge and let counterclockwise torques be positive. 
EXECUTE: If Lancelot were at the end of the bridge, the tension in the cable would be (from taking torques about 
the hinge of the bridge) obtained from 7(12.0 N) =(600 kg)(9.80 m/s’)(12.0 m)+(200 kg)(9.80 m/s’)(6.0 m), 
so T = 6860 N . This exceeds the maximum tension that the cable can have, so Lancelot is going into the drink. To 
find the distance x Lancelot can ride, replace the 12.0 m multiplying Lancelot’s weight by x and the tension 

T by T ax =5.80x10°N and solve for x; 


„ — 5:80%10° N)(12.0 m) - (200 kg)(9.80_m/s*)(6.0 m) 
H (600 kg)(9.80 m/s”) 


EVALUATE: Before Lancelot goes onto the bridge, the tension in the supporting cable is 
_ (6.0 m)(200 kg)(9.80 m/s”) 


12.0m 
bridge, the increase in tension is proportional to x, the distance he has moved along the bridge. 
IDENTIFY: For the airplane to remain in level flight, both YF, =0 and Xr, =0. 


= 9.84 m. 


T 


= 9800 N , well below the breaking strength of the cable. As he moves along the 


SETUP: The free-body diagram for the airplane is given in Figure 11.43. Let +y be upward. 
EXECUTE: -Fa —W + Frying 


point where the tail force acts, —(3.66 m)(6700 N) + (3.36 m)F wing 
Fai = 7300 N — 6700 N = 600 N(down). 


tail 


=0. Taking the counterclockwise direction as positive, and taking torques about the 


=0. This gives F ine = 7300 N(up) and 


ing 
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11.44. 


11.45. 


EVALUATE: We assumed that the wing force was upward and the tail force was downward. When we solved for 
these forces we obtained positive values for them, which confirms that they do have these directions. Note that the 
rear stabilizer provides a downward force. It does not hold up the tail of the aircraft, but serves to counter the 
torque produced by the wing. Thus balance, along with weight, is a crucial factor in airplane loading. 


F 


wing 


W 


Figure 11.43 


IDENTIFY: Apply the first and second conditions of equilibrium to the truck. 
SETUP: The weight on the front wheels is n, , the normal force exerted by the ground on the front wheels. The 


weight on the rear wheels is n, , the normal force exerted by the ground on the rear wheels. When the front wheels 
come off the ground, n, — 0 . The free-body diagram for the truck without the box is given in Figure 11.44a and 


with the box in Figure 11.44b. The center of gravity of the truck, without the box, is a distance x from the rear 
wheels. 


EXECUTE: XF, = 0in Fig.11.44a gives w=n, +n, =8820 N +10,780 N =19,600 N 

Èr =0 in Fig.11.44a, with the axis at the rear wheels and counterclockwise torques positive, gives 

n,(3.00 m) -(23 N 
19,600 N 

(a) Sa =0 in Fig.11.44b, with the axis at the rear wheels and counterclockwise torques positive, gives 

W,,x (1.00 m) +n, (3.00 m) — w(1.65 m) =0. 

nye —(3600 N)(1.00 m) + (19,600 N)(1.65 m) 

3.00 m 

XF, =0 gives n, +n, =W, +w and n, =3600 N +19,600 N -9580 N =13,620 N . There is 9,580 N on the 

front wheels and 13,620 N on the rear wheels. 

(b) n, —>0. Dot =0 gives w,,,(1.00 m)—w(1.65 m)=0 and w,,, =1.65w=3.23x10f N. 

EVALUATE: Placing the box on the tailgate in part (b) reduces the normal force exerted at the front wheels. 


n, (3.00 m)—wx =0 and x= 


Jew m) =1.65 m. 


w 


=9,580 N 


Figure 11.44a, b 


IDENTIFY: In each case, to achieve balance the center of gravity of the system must be at the fulcrum. Use 
Eq.(11.3) to locate x m, with m, replaced by w,. 

SET Up: Let the origin be at the left-hand end of the rod and take the +x axis to lie along the rod. Let 

w, =255 N (the rod) so x, =1.00 m, let w, =225 N so x, =2.00 mand let w, =W . In part (a) x, =0.500 m and 


in part (b) x, =0.750 m. 


EXECUTE: (a) x,, =1.25m. x, = Wa T Wats + Wits gives w, = Si 22s) and 
w, +w, +w, X3 X n 
yy — £480 N)(1.25 m) - (255 N)(1.00 m) - (225 NX2.00 m) _ 149 
0.500 m -1.25 m l 


(b) Now w, =W =140 N and x, =0.750 m. 
_ (255 N)(1.00 m) +(225 N)(2.00 m) + (140 N)(0.750 m) 


S 255 N +225 N +140 N 
1.31 m—1.25 m =6 cm to the right. 
EVALUATE: Moving W to the right means x,,, for the system moves to the right. 


=1.31m.W must be moved 
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11.46. 


11.47. 


11.48. 


11.49, 


IDENTIFY: The center of gravity of the object must have the same x coordinate as the hook. Use Eq.(11.3) for 

Xam + The mass of a segment is proportional to its length. Define a@ to be the mass per unit length, so m, = al, , 

where /, is the length of a piece that has mass m,. 

SETUP: Use coordinates with the origin at the right-hand edge of the object and + x to the left. x, =Z. The 

mass of each piece can be taken at its center of gravity, which is at its geometrical center. Let 1 be the horizontal 

piece of length L, 2 be the vertical piece of length L and 3 be the horizontal piece with length x. 

_ MX, + MX, +X; ery aL(L/2)+ ax(x/2) 
m +m, +m, aL+aL+ax 

x’ —2xL -3L =0. x=4(2L+4L). x must be positive, so x =3L. 


EXECUTE: x 


cm 


. a divides out and the equation reduces to 


EVALUATE: X,» = Lis equivalent to saying that the net torque is zero for an axis at the hook. 


IDENTIFY: Apply the conditions of equilibrium to the horizontal beam. Since the two wires are symmetrically 
placed on either side of the middle of the sign, their tensions are equal and are each equal to T, =mg/2=137N. 


SETUP: The free-body diagram for the beam is given in Figure 11.47. F, and F, are the horizontal and vertical 
forces exerted by the hinge on the sign. Since the cable is 2.00 m long and the beam is 1.50 m long, 
1.50 m 
m 


cos0 = 


and 0 =41.4°. The tension T, in the cable has been replaced by its horizontal and vertical 


components. 
EXECUTE: (a) ee =0 gives T,(sin 41.4°)(1.50 m) —W,,,,(0.750 m) — 7, (1.50 m) —7, (0.60 m) =0. 


r — (18.0 kg)(9.80 m/s*)(0.750 m) + (137 N)(1.50 m+ 0.60 m) 
i (1.50 m)(sin41.4°) 


(b) XF, =0gives F, +T,sin41.4°— Wam —27, =0 and 
F, =2T, + Wan — T,sin41.4° = 2(137 N) + (18.0 kg)(9.80 m/s?) - (423 N)(sin41.4°) =171 N . The hinge must be 


=423N. 


able to supply a vertical force of 171 N. 
EVALUATE: The force from the two wires could be replaced by the weight of the sign acting at a point 0.60 m to 
the left of the right-hand edge of the sign. 


y 


T, cos 


T, sind 


0.900 m 


Wheam 


[k—— 0.750 m— 
Figure 11.47 


IDENTIFY: Apply XL =0 to the hammer. 
SETUP: Take the axis of rotation to be at point A. 
EXECUTE: The force F is directed along the length of the nail, and so has a moment arm of (0.800 m)sin 60° . 


The moment arm of F, is 0.300 m, so 


FE =-F (0.0800 m)sin 60 


Z = (500 N)(0.231)=116 N. 
2 1 (0.300 m) ( X ) 


EVALUATE: The force F, that must be applied to the hammer handle is much less than the force that the hammer 
applies to the nail, because of the large difference in the lengths of the moment arms. 

IDENTIFY: Apply the first and second conditions of equilibrium to the bar. 

SETUP: The free-body diagram for the bar is given in Figure 11.49. n is the normal force exerted on the bar by 
the surface. There is no friction force at this surface. H, and H, are the components of the force exerted on the 
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bar by the hinge. The components of the force of the bar on the hinge will be equal in magnitude and opposite in 
direction. 


EXECUTE: 

DF =ma, 

F =H, =120N 
4.00 m ys In 

n—-H,=0 


H =n, but we don’t know 


either of these forces. 


3.00 m 
Figure 11.49 


ts =0 gives F(4.00 m)—7(3.00 m) =0 
n=(4.00 m/3.00 m)F =4(120 N) =160 N and then H, =160 N 


Force of bar on hinge: 
horizontal component 120 N, to right 
vertical component 160 N, upward 


EVALUATE: #H,,/H, =120/160 =3.00/4.00, so the force the hinge exerts on the bar is directed along the bar. ñ 
and F have zero torque about point A, so the line of action of the hinge force H must pass through this point 
also if the net torque is to be zero. 
11.50. IDENTIFY: Apply Xr, =0 to the piece of art. 
SETUP: The free-body diagram for the piece of art is given in Figure 11.50. 
1.02 m 
1.25 m 


EXECUTE: XJ r, =0 gives T,(1.25 m)-w(1.02 m)=0. T, =(358 ~| )- 292N. È F, =0 gives 


T,+T,-w=0and T, =w-T, =358 N-292 N=66N. 


EVALUATE: If we consider the sum of torques about the center of gravity of the piece of art, T, has a larger 


moment arm than 7, , and this is why T, <7, . 


Figure 11.50 


11.51. IDENTIFY: Apply the conditions of equilibrium to the beam. 
SET Up: The free-body diagram for the beam is given in Figure 11.51. Let 7, and 7, be the tension in the two 
cables. Each tension has been replaced by its horizontal and vertical components. 
EXECUTE: (a) The center of gravity of the beam is a distance L/2 from each end and bye =0 with the axis at 
the center of gravity of the beam gives —7,sin @(L/2)+T7,sin@(L/2)=0. T,sing=T, sin. DF. = 0 gives 
T,cos¢ =T, cos @ . Dividing the first equation by the second gives tang=tan@ and ¢=@. Then the equations also 
say 7, =T,. 
(b) The center of gravity of the beam is a distance 3L /4 from the left-hand end so a distance L/4 from the right- 
hand end. va =0 with the axis at the center of gravity of the beam gives —T, sin ø(3L /2) +T, sinO(L/2)=0 and 
3T, sing =T, sind. XF, =0 gives T, cosø =T, cos@ . Dividing the first equation by the second gives 
3tang=tandé. 
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11.52. 


11.53. 


EVALUATE: 3tang=tan@ requires 0 > ¢. The cable closest to the center of gravity must be closer to the vertical 


cos @ 
cos 


direction. T, = Al and 0 > ø means the tension is greater in the wire that is closest to the center of gravity. 


Figure 11.51 


IDENTIFY: Apply the first and second conditions for equilibrium to the bridge. 
SET Up: Find torques about the hinge. Use L as the length of the bridge and w, and w, for the weights of the 


truck and the raised section of the bridge. Take +y to be upward and +x to be to the right. 
EXECUTE: (a) TL sin70° = w,(L)cos30° + w,(+L)cos30°, so 


as (3m, + zits )(9.80 m/s*)cos30° nag ae SA pee 
sin 70° 
(b) Horizontal: T cos(70° —30°) =1.97x10° N (to the right). Vertical: w, + w, — Tsin40° = 2.46 x10° N (upward). 
2.46x10° N 


EVALUATE: If ¢ is the angle of the hinge force above the horizontal, tang = and ¢=51.3°. The 


1.97x10° N 
hinge force is not directed along the bridge. 

IDENTIFY: Apply the conditions of equilibrium to the cylinder. 

SETUP: The free-body diagram for the cylinder is given in Figure 11.53. The center of gravity of the cylinder is 
at its geometrical center. The cylinder has radius R. 

EXECUTE: (a) T produces a clockwise torque about the center of gravity so there must be a friction force, that 
produces a counterclockwise torque about this axis. 

(b) Applying Ve =0 to an axis at the center of gravity gives -TR + fR=Oand T=f. Èr =0 applied to an 
axis at the point of contact between the cylinder and the ramp gives —T(2R)+ MgRsin@ =0. T =(Mg/2)sin@. 
EVALUATE: We can show that DF. = 0 and XF, =0, for x and y axes parallel and perpendicular to the ramp, 


or for x and y axes that are horizontal and vertical. 


Figure 11.53 
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11.54. 


11.55. 


11.56. 


IDENTIFY: Apply the first and second conditions of equilibrium to the ladder. 
SETUP: Take torques about the pivot. Let +y be upward. 


EXECUTE: (a) The force F, that the ground exerts on the ladder is given to be vertical, so Èr, =0 


gives F, (6.0 m)sin@ = (250 N)(4.0 m)sin 0 + (750 N)(1.50 m)sinð , so F, =354 N. 

(b) There are no other horizontal forces on the ladder, so the horizontal pivot force is zero. The vertical force that 
the pivot exerts on the ladder must be (750 N) + (250 N)- (354 N) = 646 N, up, so the ladder exerts a downward 
force of 646 N on the pivot. 

(c) The results in parts (a) and (b) are independent of 6. 

EVALUATE: All the forces on the ladder are vertical, so all the moment arms are vertical and are proportional to 
sin@. Therefore, sin @ divides out of the torque equations and the results are independent of @. 

IDENTIFY: Apply the first and second conditions for equilibrium to the strut. 

SET Up: Denote the length of the strut by L. 

EXECUTE: (a) V =mg+w and H =T. To find the tension, take torques about the pivot point. 


1[$2Jsino=n{ $2 Jooso-+me £ Joso and r={w ME eoo. 


(b) Solving the above for w, and using the maximum tension for T, 


w=T tan -E = (700 N)tan55.0°—(5.0 kg)(9.80 m/s”) =951 N. 


(c) Solving the expression obtained in part (a) for tan @ and letting œ > 0, tand = a = 0.700, so 6 = 4.00°. 


EVALUATE: As the strut becomes closer to the horizontal, the moment arm for the horizontal tension force 
approaches zero and the tension approaches infinity. 
IDENTIFY: Apply the first and second conditions of equilibrium to each rod. 


SET Up: Apply SE =0 with +y upward and apply yz =0 with the pivot at the point of suspension for each 


rod. 
EXECUTE: (a) The free-body diagram for each rod is given in Figure 11.56. 


(b) $r =0 for the lower rod: (6.0 N)(4.0 cm) = w,(8.0 cm) and w,=3.0N. 
DF, =0 for the lower rod: S, = 6.0 N+ w, =9.0 N 


$r =0 for the middle rod: w,(3.0 cm) = (5.0 cm)S, and w, -($}o0 N)=15.0N. 


bay =0 for the middle rod: S, =9.0 N+ S, = 24.0 N 
Èr =0 for the upper rod: S,(2.0 cm) = w,(6.0 cm) and wọ = (2) (24.0 N)=8.0N. 


XF, =0 for the upper rod: S, = S, +w =32.0 N. 
In summary, w, =3.0 N, w,=15.0N, w, =8.0 N. S,=32.0N, S, =24.0 N, S,=9.0N. 

(c) The center of gravity of the entire mobile must lie along a vertical line that passes through the point where S, is 
located. 

EVALUATE: For the mobile as a whole the vertical forces must balance, so S; =w; +wp +wc +6.0 N. 

5. Sa 


4.0 cm 8.0 cm 3.0 cm 5.0 cm 


6.0N Wa WR S3 
Lower rod Middle rod 
Sı 


2.0 cm 6.0 cm 


S3 Wo 
Upper rod 
Figure 11.56 
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11.57. IDENTIFY: Apply $ r, =0 to the beam. 
SETUP: The free-body diagram for the beam is given in Figure 11.57. 
EXECUTE: 7, =0, axis at hinge, gives 7(6.0 m)(sin 40°) — w(3.75 m)(cos30°)=0 and T =7600N . 
EVALUATE: The tension in the cable is less than the weight of the beam. T sin 40° is the component of T that is 
perpendicular to the beam. 
Figure 11.57 
11.58. IDENTIFY: Apply the first and second conditions of equilibrium to the drawbridge. 
SETUP: The free-body diagram for the drawbridge is given in Figure 11.58. H, and H, are the components of 
the force the hinge exerts on the bridge. 
EXECUTE: (a) Xr, =0 with the axis at the hinge gives —w(7.0 m)(cos37°)+T (3.5 m)(sin37°)=0 and 
Fay eet - (45,000 N) =1.19x10°N 
sin37° tan 37° 
(b) Š F, =0 gives H, =T =1.19x10°N. F, =0 gives H, =w=4.50x10 N. 
H =,/H, + H? =1.27 x10 N. tanĝ = Ai and 0 =20.7° . The hinge force has magnitude 1.27x10° N and is 
h 
directed at 20.7° above the horizontal. 
EVALUATE: The hinge force is not directed along the bridge. If it were, it would have zero torque for an axis at 
the center of gravity of the bridge and for that axis the tension in the cable would produce a single, unbalanced 
torque. 
y 
w 
Figure 11.58 
11.59. IDENTIFY: Apply the first and second conditions of equilibrium to the beam. 


SETUP: The free-body diagram for the beam is given in Figure 11.59. 


i = 
oO 
20° 
Of 5% 
16077 


Figure 11.59 
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11.60. 


11.61. 


11.62. 


EXECUTE: (a) `r, =0, axis at lower end of beam 
Let the length of the beam be L. 


. L 
T(sin20°)L = -mg{ Joos 40°=0 


T= +mg cos 40° 
sin 20° 

(b) Take +y upward. 

XF, =0 gives n—w+Tsin60°=0 so n=73.6N 

De =0 gives f, =T cos60°=1372 N 

f, _1372N _ 


LOL pa EN 


EVALUATE: The floor must be very rough for the beam not to slip. The friction force exerted by the floor is to 
the left because T has a component that pulls the beam to the right. 


IDENTIFY: Apply Yr: =0 to the beam. 


=2700 N 


19 


SETUP: The center of mass of the beam is 1.0 m from the suspension point. 

EXECUTE: (a) Taking torques about the suspension point, 

w(4.00 m)sin 30° + (140.0 N)(1.00 m)sin30° = (100 N)(2.00 m)sin30° . The common factor of sin30° divides out, 
from which w=15.0 N. 

(b) In this case, a common factor of sin 45° would be factored out, and the result would be the same. 

EVALUATE: All the forces are vertical, so the moments are all horizontal and all contain the factor sin 0 , where 
0 is the angle the beam makes with the horizontal. 

IDENTIFY: Apply Èr, =0 to the flagpole. 


SETUP: The free-body diagram for the flagpole is given in Figure 11.61. Let clockwise torques be positive. 0 is 
the angle the cable makes with the horizontal pole. 

EXECUTE: (a) Taking torques about the hinged end of the pole 

(200 N)(2.50 m) + (600 N)(5.00 m)—T7, (5.00 m)=0 . T, =700 N . The x-component of the tension is then 


T 

T = (000 N)? -(700 N}? =714N. tan = E 2 = a . The height above the pole that the wire must be 

00m T, 
attached is (5.00 m) 200 =4.90 m. 

; ; 4.40 m è 
(b) The y-component of the tension remains 700 N. Now tan 0 = O0 and 0 =41.35° , so 
m 
T 
eee N 1060 N , an increase of 60 N. 


sinô sin41.35° 
EVALUATE: As the wire is fastened closer to the hinged end of the pole, the moment arm for T decreases and T 


must increase to produce the same torque about that end. 
H, 


| Ay, 


600 N 


Figure 11.61 


IDENTIFY: Apply iF =0 to each object, including the point where D, C and B are joined. Apply bA =0 to 
the rod. 

SET Up: To find T, and 7,, use a coordinate system with axes parallel to the cords. 

EXECUTE: A and B are straightforward, the tensions being the weights suspended: 

T , = (0.0360 kg)(9.80 m/s*) = 0.353 N and T, = (0.0240 kg +0.0360 kg)(9.80 m/s”) = 0.588 N . Applying 
XF, =0 and XF, =0 to the point where the cords are joined, T, = T, cos36.9° = 0.470 N and 


T, =T, cos53.1° = 0.353 N . To find T,, take torques about the point where string F is attached. 
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T, (1.00 m) = T, sin36.9° (0.800 m) + T» sin 53.1°(0.200 m) + (0.120 kg)(9.80 m/s”)(0.500 m) and T; = 0.833 N. 
T, may be found similarly, or from the fact that T, +T, must be the total weight of the ornament. 
(0.180kg)(9.80m/s”) =1.76 N, from which T, = 0.931 N. 

EVALUATE: The vertical line through the spheres is closer to F than to E, so we expect T, >T, , and this is 


indeed the case. 
11.63. IDENTIFY: Apply the equilibrium conditions to the plate. r = Frsing. 
SETUP: The free-body diagram for the plate is sketched in Figure 11.63. For the force T (tension in the cable), 


T, =Trsing=TVh’ +d’ sing. 
EXECUTE: (a) Èr =0 gives TVh? +d? sing =0. Tis least for ¢=90°, and in that case tan 8 =< so 


d 
h +d? 

Wd l h ]- Whd 
WR +P Nk +d?) Ak +a’) 


2 ae 
R=w Wd eee d ae 2k a? 
Wk +a? NP + a 2(h* +d*) 2(h* +d*) 


EVALUATE: The angle a that the net force exerted by the hinge makes with the horizontal is given by 
F, Wh +°) Ah +d*) 2h’ +d’ 
F, 2(h? +d’) Whd hd 


h 


0= an 5) . Then T =W 


; >: F, =0 gives F,+Tcosĝ-W =0 and 


(b) XF, =0 gives F, =Tsin = 


. This force does not lie along the diagonal of the plate. 


tana = 


Figure 11.63 


11.64. IDENTIFY: Apply Eq.(11.10) and the relation Aw/w, =—oAl/l, that is given in the problem. 
SETUP: The steel rod in Example 11.5 has A//J, =9.0x10~. For nickel, Y =2.1x10'' Pa. The width w, is 


m =V4 A/a . 
EXECUTE: (a) Aw=-o (Al/l)w, = —(0.23)(9.0x10),/4(0.30 x10“%m?)/z =1.3 um. 
11 -2 2 3 
(b) F -ayl aay! AW nd ple Pa) (x (2.0x10°m)’) OOS a 
l ow 0.42 2.0x10° m 


EVALUATE: For nickel and steel, o <1 and the fractional change in width is less than the fractional change in length. 
11.65. IDENTIFY: Apply the equilibrium conditions to the crate. When the crate is on the verge of tipping it touches the 
floor only at its lower left-hand corner and the normal force acts at this point. The minimum coefficient of static 


friction is given by the equation f, = un. 

SETUP: The free-body diagram for the crate when it is ready to tip is given in Figure 11.65. 
1.10 m 

[1.50 m][sin53.0°] 


(b) DF, =0 gives n—w-— Pcos53.0°=0. n=w+ Pcos53.0° =1250 N +(1.15x10° N)cos53° =1.94x10° N 
(c) DF. =O gives f, = Psin53.0°=(1.15x10° N)sin53.0°=918N. 


f 98N 
d) u, =% = 
OaS LAIO N 


=3.1x10°N. 


EXECUTE: (a) XT =0 gives P(1.50 m)sin53.0°—w(1.10 m)=0. P= vf Janiso N 


=0.473 
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11.66. 


11.67. 


EVALUATE: The normal force is greater than the weight because P has a downward component. 
si 


G 


1.10 m 1.50 m 


1.10 m 


X 


w 


Figure 11.65 


IDENTIFY: Apply |t, =0 to the meter stick. 
SETUP: The wall exerts an upward static friction force fand a horizontal normal force n on the stick. Denote the 
length of the stick by 1. f = un. 


EXECUTE: (a) Taking torques about the right end of the stick, the friction force is half the weight of the 
stick, f = w/2. Taking torques about the point where the cord is attached to the wall (the tension in the cord and 


the friction force exert no torque about this point), and noting that the moment arm of the normal force is /tan8 , 
ntan = w/2- Then, (f/n)=tan@ <0.40, so 0< arctan (0.40) = 22°. 


(b) Taking torques as in part (a), fl = ws + w(/ — x) and nl tan 0 = ws + wx. In terms of the coefficient of friction 


Mes Le > fea) tan@ = ae tan@. Solving for x, x sf tn ga cm. 
1/2+x l+2x 2 w,+tand 
(3-20//)tand _ 


(c) In the above expression, setting x =10 cm and solving for u, gives pu, > 0.625. 


1+ 20/1 
EVALUATE: For @=15° and without the block suspended from the stick, a value of yu, = 0.268 is required to 
prevent slipping. Hanging the block from the stick increases the value of 4, that is required. 


IDENTIFY: Apply the first and second conditions of equilibrium to the crate. 


SETUP: The free-body diagram for the crate is given in Figure 11.67. 
z 


L, =(0.375 m)cos 45° 
l, =(1.25 m)cos45° 
Let F and F, be the vertical 


forces exerted by you and your 
friend. Take the origin at the 
lower left-hand corner of the 
crate (point A). 


Figure 11.67 
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11.68. 


11.69. 


11.70. 


EXECUTE: XF, =ma, gives F +F,-w=0 

F, + F, = w= (200 kg)(9.80 m/s”) =1960 N 

Xr, =0 gives Fl -wl,=0 

F, =w] = |=1960 ne ess )=s00 N 
L 1.25 mcos 45° 


Then F =w- F, =1960 N -590 N =1370 N. 
EVALUATE: The person below (you) applies a force of 1370 N. The person above (your friend) applies a force of 


590 N. It is better to be the person above. As the sketch shows, the moment arm for F, is less than for F,, so must 
have F, >F, to compensate. 

IDENTIFY: Apply the first and second conditions for equilibrium to the forearm. 

SETUP: The free-body diagram is given in Figure 11.68a, and when holding the weight in Figure 11.68b. Let 

+y be upward. 

EXECUTE: (a) 27,),,, =0 gives F,(3.80 cm) = (15.0 N)(15.0 cm) and F} =59.2N. 

(b) Xz, =0 gives F,(3.80 cm) =(15.0 N)(15.0 cm) + (80.0 N)(33.0 cm) and F, = 754 N . The biceps force has a 
short lever arm, so it must be large to balance the torques. 

(c) XF, =0 gives —F, + Fp —15.0 N -80.0 N =Oand F, = 754N -15.0 N -80.0 N =659N . 


EVALUATE: (d) The biceps muscle acts perpendicular to the forearm, so its lever arm stays the same, but those of 
the other two forces decrease as the arm is raised. Therefore the tension in the biceps muscle decreases. 


Fg 80.0 N 
3.80 
Fg cm 
3.80 
cm sT G 
} cm 


1.0 
cm FE w (15.0N) 


j<------- 33.0cm ------- - 


Fe w(15.0N) 


Figure 11.68a, b 


IDENTIFY: Apply ys =0 to the forearm. 
SETUP: The free-body diagram for the forearm is given in Fig. 11.10 in the textbook. 


h hD 
EXECUTE: (a) Èr, =0, axis at elbow gives wL —(T sin@)D=0. sin@ = sow=T : 
l ) Vh’ +D? INk +D? 
hD 


ax Sla r F $ 
me LN +D? 


Taxh D’ ee eee 

(b) Woas me l= z |; the derivative is positive 
dD Lh? +D? h +D 

EVALUATE: (c) The result of part (b) shows that w,,,, increases when D increases, since the derivative is positive. 


Wax 1S larger for a chimp since D is larger. 


IDENTIFY: Apply the first and second conditions for equilibrium to the table. 

SET Up: Label the legs as shown in Figure 11.70a. Legs A and C are 3.6 m apart. Let the weight be placed closest 
to legs C and D. By symmetry, A= Band C =D. Redraw the table as viewed from the AC side. The free-body 
diagram in this view is given in Figure 11.70b. 


EXECUTE: Jt (about right end) = 0 gives 24(3.6 m) =(90.0 N)(1.8 m) + (1500 N)(0.50 m) and 
A=130N=B. > =Ogives 4+ B+C+D=1590N. Using 4=B=130N and C =D gives C=D=670N. 


By Newton’s third law of motion, the forces 4, B, C, and D on the table are the same magnitude as the forces the 
table exerts on the floor. 
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EVALUATE: As expected, the legs closest to the 1500 N weight exert a greater force on the floor. 
1500N 


0.50m 
PILE LF EI LG ARE Sa ha ET A 
f 1.8m 1.8m 


A € 2A 90.0 N 2C 
Figure 11.70a, b 


11.71. IDENTIFY: Apply Xt: =0 first to the roof and then to one wall. 


(a) SETUP: Consider the forces on the roof; see Figure 11.71a. 
axis 


V and H are the vertical 
and horizontal forces each 
wall exerts on the roof. 
| w= 20,000 N is the total 
weight of the roof. 


w2 2V =w so V =w/2 


Figure 11.71a 


Apply Èr =0 to one half of the roof, with the axis along the line where the two halves join. Let each half have 
length L. 

EXECUTE: (w/2)(L/2)(cos35.0°) + HZsin35.0° -VL cos35° =0 

L divides out, and use V = w/2 

H sin35.0° = 4weos35.0° 


w 


4tan 35.0° 
EVALUATE: By Newton’s 3rd law, the roof exerts a horizontal, outward force on the wall. For torque about an 
axis at the lower end of the wall, at the ground, this force has a larger moment arm and hence larger torque the 
taller the walls. 
(b) SETUP: The force diagram for one wall is given in Figure 11.71b. 


=7140N 


Consider the torques 
on this wall. 


Figure 11.71b 


H is the horizontal force exerted by the roof, as considered in part (a). B is the horizontal force exerted by the 
buttress. Now the angle is 40°, so H = Ses 5959 N 

4tan 40° 
EXECUTE: Èr, =0, axis at the ground 
H(40 m)-B(30 m)=0 and B =7900 N. 
EVALUATE: The horizontal force exerted by the roof is larger as the roof becomes more horizontal, since for 
torques applied to the roof the moment arm for H decreases. The force B required from the buttress is less the 
higher up on the wall this force is applied. 


11.72. IDENTIFY: Apply }\r, =0 to the wheel. 
SET Up: Take torques about the upper corner of the curb. 
EXECUTE: The force F acts at a perpendicular distance R—h and the weight acts at a perpendicular distance 


E e V2Rh -h° 
R- (R — hÝ = 2Rh—h’. Setting the torques equal for the minimum necessary force, F = mg ——. 


R-h 
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(b) The torque due to gravity is the same, but the force F acts ata perpendicular distance 2R — h, so the minimum 
force is (mg)V2Rh—hv/(2R—h). 


EVALUATE: (c) Less force is required when the force is applied at the top of the wheel, since in this case F has a 
larger moment arm. 
IDENTIFY: Apply the first and second conditions of equilibrium to the gate. 
SET Up: The free-body diagram for the gate is given in Figure 11.73. 
7 


g o 
H, Pap, ie 30.0 


T cos 30.0° 


2.00 m EN 2.00 m 


2.00 m 


Figure 11.73 


Use coordinates with the origin at B. Let H, and H, be the forces exerted by the hinges at A and B. The problem 

states that H , has no horizontal component. Replace the tension T by its horizontal and vertical components. 

EXECUTE: (a) ts =0 gives +(7'sin30.0°)(4.00 m) + (7'cos30.0°)(2.00 m) — w(2.00 m) =0 

T(2sin30.0° + cos30.0°) = w 

Te w 7 500 N 
2sin30.0°+cos30.0° 2sin30.0° +cos30.0° 

(b) XF, =ma, says H,, —T cos30.0° =0 

H pa = T cos30.0° = (268 N)cos30.0° = 232 N 

(c) XF, =ma, says H, +H p +Tsin30.0°-w=0 

H a + Hp, =w—Tsin30.0° = 500 N - (268 N)sin30.0° = 366 N 

EVALUATE: Thasa horizontal component to the left so H,, must be to the right, as these are the only two 


= 268 N 


horizontal forces. Note that we cannot determine H, and H,, separately, only their sum. 
IDENTIFY: Use Eq.(11.3) to locate the x-coordinate of the center of gravity of the block combinations. 
SET Up: The center of mass and the center of gravity are the same point. For two identical blocks, the center of 
gravity is midway between the center of the two blocks. 
EXECUTE: (a) The center of gravity of top block can be as far out as the edge of the lower block. The center of 
gravity of this combination is then 3/4 to the left of the right edge of the upper block, so the overhang is 3L/4. 
(b) Take the two-block combination from part (a), and place it on top of the third block such that the overhang of 
3L/4 is from the right edge of the third block; that is, the center of gravity of the first two blocks is above the right 
edge of the third block. The center of mass of the three-block combination, measured from the right end of the 
bottom block, is —L/6 and so the largest possible overhang is (31/4) +(L/6) =11Z/12. Similarly, placing this 
three-block combination with its center of gravity over the right edge of the fourth block allows an extra overhang 
of L/8, fora total of 251/24. 
(c) As the result of part (b) shows, with only four blocks, the overhang can be larger than the length of a single 
block. 

18L 22L 25L 


EVALUATE: The sequence of maximum overhangs is —— A 


pe ,-... The increase of overhang when one 
24 24 


more block is added is decreasing. 
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11.75. IDENTIFY: Apply the first and second conditions of equilibrium, first to both marbles considered as a composite 
object and then to the bottom marble. 
(a) SETUP: The forces on each marble are shown in Figure 11.75. 


EXECUTE: 
F,=2w=147N 
sin@=R/2R so 0=30° 
Èr, =0, axis at P 
F.(2Rcos @)— wR =0 
F, =—“8_ = 0.424N 
2co0s30° 
F, = F, =0.424 N 


Figure 11.75 


(b) Consider the forces on the bottom marble. The horizontal forces must sum to zero, so 


F,=nsin@ 
n -4 -0.848 N 
sin 30° 


Could use instead that the vertical forces sum to zero 
F, -mg —ncos@=0 
F,-m 
oes g 
cos30° 


EVALUATE: Ifwe consider each marble separately, the line of action of every force passes through the center of 
the marble so there is clearly no torque about that point for each marble. We can use the results we obtained to 


show that XF, =0 and SE =0 for the top marble. 


= 0.848 N, which checks. 


11.76. IDENTIFY: Apply ye =0 to the right-hand beam. 


SET Up: Use the hinge as the axis of rotation and take counterclockwise rotation as positive. If F 1s the tension 


in each wire and w= 200 N is the weight of each beam, 2F e —2w=0 and Fie =w . Let L be the length of each 


ire 
beam. 
0 


; ; L. 0 : 
EXECUTE: (a) bie =0 gives FL sin f F, ; cos Bt i sin a 0, where @ is the angle between the beams 
and F, is the force exerted by the cross bar. The length drops out, and all other quantities except F, are known, so 
F iwe Sin(8/2) — 4. w sin(@/2 e 
AU E T E E E E NGA 
+ cos(@/2) 2 2 
(b) The crossbar is under compression, as can be seen by imagining the behavior of the two beams if the crossbar 
were removed. It is the crossbar that holds them apart. 
(c) The upward pull of the wire on each beam is balanced by the downward pull of gravity, due to the symmetry 
of the arrangement. The hinge therefore exerts no vertical force. It must, however, balance the outward push of 
the crossbar. The hinge exerts a force 130 N horizontally to the left for the right-hand beam and 130 N to the 
right for the left-hand beam. Again, it’s instructive to visualize what the beams would do if the hinge were 
removed. 
EVALUATE: The force exerted on each beam increases as 0 increases and exceeds the weight of the beam for 
A=90°. 


F,= =130 N 
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11.78. 


IDENTIFY: Apply the first and second conditions of equilibrium to the bale. 
(a) SETUP: Find the angle where the bale starts to tip. When it starts to tip only the lower left-hand corner of the 
bale makes contact with the conveyor belt. Therefore the line of action of the normal force n passes through the 


left-hand edge of the bale. Consider yz 4=09 with point A at the lower left-hand corner. Then 7, =0 and 7, =0, 
so it must be that z,,, =0 also. This means that the line of action of the gravity must pass through point A. Thus 


the free-body diagram must be as shown in Figure 11.77a 


EXECUTE: 
ane = 0.125 m 
0.250 m 


2 =27°, angle where tips 


Figure 11.77a 


SETUP: At the angle where the bale is ready to slip down the incline f, has its maximum possible value, 


J.= un. The free-body diagram for the bale, with the origin of coordinates at the cg is given in Figure 11.77b 


y EXECUTE: 
XF, =ma, 
n-mgcosß=0 
n = mg cos P 
x Sf, = Hang cos B 
(f, has maximum value when 


mg sin B bale ready to slip) 


DF. =a, 
f,-—mgsin B =0 
CoE umg cos p —mgsin f =0 
tan B=, 
mg H, =0.60 gives that 6 =31° 
Figure 11.77b 
£B=27° to tip; 2 =31° to slip, so tips first 


(b) The magnitude of the friction force didn’t enter into the calculation of the tipping angle; still tips at 8 = 27°. 
For uw, =0.40 tips at 2 =arctan(0.40) = 22° 

Now the bale will start to slide down the incline before it tips. 

EVALUATE: With a smaller z, the slope angle B where the bale slips is smaller. 

IDENTIFY: Apply $ r, =0 and >’ F, =0 to the bale. 


SETUP: Let +x be horizontal to the right. Take the rotation axis to be at the forward edge of the bale, where it 
contacts the horizontal surface. When the bale just begins to tip, the only point of contact is this point and the 
normal force produces no torque. 


EXECUTE: (a) F= f = n = umg = (0.35)(30.0 kg)(9.80 m/s’) =103 N 


(b) With respect to the forward edge of the bale, the lever arm of the weight is 0.250 m =0.125 m and the lever 


arm h of the applied force is then A = (0.125 m) 7E =(0.125 m = 0.125 m 036m. 
k 


0.35 


EVALUATE: As 4, increases, F must increase and the bale tips at a smaller A. 
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11.80. 


IDENTIFY: Apply the first and second conditions of equilibrium to the door. 
(a) SETUP: The free-body diagram for the door is given in Figure 11.79. 


fka 


> Ed 
1.00 m 1.00 m <>! 


x 0.50 m h 


Figure 11.79 
Take the origin of coordinates at the center of the door (at the cg). Let n, fiss mz, and f,, be the normal and 


friction forces exerted on the door at each wheel. 
EXECUTE: X F, =ma, 


n,tn,-w=0 


n,+n, =w=950N 
XF, =ma, 
fat fe -F =0 

F = fia + fis 


fia = Hha Seg = Hng, 80 F = y(n, +ng)= uw = (0.52)(950 N) =494 N 

Er =0 

ng, fias and f,, all have zero moment arms and hence zero torque about this point. 

Thus +w(1.00 m)—1,(2.00 m)- F(h)=0 

_ w(l.00 m)—F(h) _ (950 N)(1.00 m) — (494 N)(1.60 m) 

~ 200m 2.00 m 

And then n, =950 N-n, =950 N-80 N =870 N. 

(b) SETUP: IfA is too large the torque of F will cause wheel A to leave the track. When wheel A just starts to lift 

off the track n, and f,, both go to zero. 

EXECUTE: The equations in part (a) still apply. 

n,t+n,-w=0 gives n, =w=950N 

Then fgg = 44g =9.52(950 N) =494 N 

F = fa + fig = 494 N 

+w(1.00 m) -n,(2.00 m)- F(A) =0 

_ w(1.00 m) _ (950 N)(1.00 m) 
F = 44N 


EVALUATE: The result in part (b) is larger than the value of h in part (a). Increasing / increases the clockwise 
torque about B due to F and therefore decreases the clockwise torque that n, must apply. 


=80 N 


A 


h =1.92 m 


IDENTIFY: Apply the first and second conditions for equilibrium to the boom. 

SETUP: Take the rotation axis at the left end of the boom. 

EXECUTE: (a) The magnitude of the torque exerted by the cable must equal the magnitude of the torque due to the 
weight of the boom. The torque exerted by the cable about the left end is 7Lsin@ . For any angle 0, 

sin (180° — 0) =sin 0, so the tension T will be the same for either angle. The horizontal component of the force that 


the pivot exerts on the boom will be T cos@ or T cos(180° — 0) = -T cos@ . 


(b) From the result of part (a), T is proportional to and this becomes infinite as 0 > 0 or 8 —> 180°. 


sin 
(c) The tension is a minimum when sin@ is a maximum, or 0 =90°, a vertical cable. 

(d) There are no other horizontal forces, so for the boom to be in equilibrium, the pivot exerts zero horizontal force 
on the boom. 
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EVALUATE: As the cable approaches the horizontal direction, its moment arm for the axis at the pivot approaches zero, 
so T must go to infinity in order for the torque due to the cable to continue to equal the gravity torque. 
IDENTIFY: Apply the first and second conditions of equilibrium to the pole. 
(a) SETUP: The free-body diagram for the pole is given in Figure 11.81. 
5 


n and fare the vertical and 
horizontal components of the force 
the ground exerts on the pole. 


XF, F ma, 

f=0 

The force exerted by the ground 
has no horizontal component. 


"Figure 11.81 


EXECUTE: ) 7, =0 

+T(7.0 m)cos@ —mg(4.5 m)cos@ =0 

T =mg(4.5 m/7.0 m) = (4.5/7.0)(5700 N) =3700 N 

0 

n+T-—mg=0 

n=mg -T =5700 N -3700 N = 2000 N 

The force exerted by the ground is vertical (upward) and has magnitude 2000 N. 

EVALUATE: We can verify that Èr, =0 for an axis at the cg of the pole. T >n since T acts at a point closer to 

the cg and therefore has a smaller moment arm for this axis than n does. 

(b) In the Nor 4 =0 equation the angle @ divided out. All forces on the pole are vertical and their moment arms 

are all proportional to cos 0. 

IDENTIFY: Apply the equilibrium conditions to the pole. The horizontal component of the tension in the wire is 

22.0 N. 

SETUP: The free-body diagram for the pole is given in Figure 11.82. The tension in the cord equals the weight 

W. F, and F, are the components of the force exerted by the hinge. If either of these forces is actually in the 

opposite direction to what we have assumed, we will get a negative value when we solve for it. 

EXECUTE: (a) 7sin37.0°=22.0 N so T=36.6N. Le =0 gives (Tsin37.0°)(1.75 m)- W (1.35 m) =0. 

We (22.0 N)(1.75 m) 
1.35 m 

(b) DF, =0 gives F, -T cos37.0°-W =0 and F, = (36.6 N)cos37.0° +55.0 N =84.2 N. XF, = 0 gives 


W -T sin37.0°- F, =O and F, = 28.5 N -22.0 N =6.5 N . The magnitude of the hinge force is 


F = |F? +F? =84.5N. 


EVALUATE: If we consider torques about an axis at the top of the plate, we see that F, must be to the left in order 


=28.5N. 


for its torque to oppose the torque produced by the force W. 
y 


0.40 m 


w= 55.0 N 


Figure 11.82 
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IDENTIFY: Apply Èr, =0 to the slab. 


SET Up: The free-body diagram is given in Figure 11.83a. tan 8 = = M so B=65.0°. 20.0° + B+a=90° so 
75m 
2 2 
a =5.0° . The distance from the axis to the center of the block is (2 =) + = =) =2.07 m. 


EXECUTE: (a) w(2.07 m)sin5.0° —7(3.75 m)sin52.0°=0. T =0.061w. Each worker must exert a force of 

0.012w , where w is the weight of the slab. 

(b) As @ increases, the moment arm for w decreases and the moment arm for T increases, so the worker needs to 

exert less force. 

(c) T > 0 when w passes through the support point. This situation is sketched in Figure 11.83b. 

tang- (1.75 m)/2 
(3.75 m)/2 

EVALUATE: The moment arm for T is much greater than the moment arm for w, so the force the workers apply is 

much less than the weight of the slab. 


and 0 =25.0° . If 8 exceeds this value the gravity torque causes the slab to tip over. 


Figure 11.83a, b 


Fil, 
AAl 
SETUP: F,=F =Wand Al=x. For copper, Y =11x10"° Pa. 


IDENTIFY: Fora spring, F = kx. Y= 


YA YA YA 
EXECUTE: (a) F= tan = (+): . This in the form of F = kx , with k = ae 


0 0 0 


YA (11x10"° Pa)z(6.455 10% m)? 
h 0.750 m 

(c) W =kx=(1.9x10° N/m)(1.25x10° m) =240 N 

EVALUATE: For the wire the force constant is very large, much larger than for a typical spring. 

IDENTIFY: Apply Newton’s 2nd law to the mass to find the tension in the wire. Then apply Eq.(11.10) to the wire 
to find the elongation this tensile force produces. 

(a) SETUP: Calculate the tension in the wire as the mass passes through the lowest point. The free-body diagram 


for the mass is given in Figure 11.85a. 
F 


(b) k= =1.9x10° N/m 


The mass moves in an arc of a circle 
T Ag with radius R =0.50 m. It has 


acceleration d,,, directed in toward 
x A i: k 
the center of the circle, so at this point 


mg „a is upward. 


Figure 11.85a 
EXECUTE: J F, =ma, 


T -mg =mRa so that T = m(g + Ræ’). 
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But @ must be in rad/s: 
@ = (120 rev/min)(2z rad/1 rev)(1 min/60 s) =12.57 rad/s. 
Then T = (12.0 kg)(9.80 m/s? + (0.50 m)(12.57 rad/s)”) =1066 N. 
Now calculate the elongation A/ of the wire that this tensile force produces: 
Fil, Fil, (1066 N)(0.50 m) 

so Al = = 10 ae) 
AAl YA (7.0x10" Pa)(0.014x10~ m^) 


(b) SETUP: The acceleration @,,, is directed in towards the center of the circular path, and at this point in the 


Y= = 0.54 cm. 


motion this direction is downward. The free-body diagram is given in Figure 11.85b. 


x EXECUTE: 


T 
ee Ja mg +T =mRo® 


F 
Figure 11.85b 
T = (12.0 kg)((0.50 m)(12.57 rad/s)’ —9.80 m/s”) = 830 N 
-Eh (830 N)(0.50 m) 
YA (7.0x10"° Pa)(0.014x10~ m°) 


EVALUATE: At the lowest point T and w are in opposite directions and at the highest point they are in the same 
direction, so T is greater at the lowest point and the elongation is greatest there. The elongation is at most 1% of the 
length. 


=0.42 cm. 


IDENTIFY: F = [Ja so the slope of the graph in part (a) depends on Young’s modulus. 


0 
SETUP: F, is the total load, 20 N plus the added load. 
EXECUTE: (a) The graph is given in Figure 11.86. 
60 N 
(3.32 -3.02)x107° m 


Jeox0 Nin aut 


(b) The slope is =2.0x10* N/m. 


r-(~ 
T 


0 
2 
r 


z[0.35x10° m} 
(c) The stress is F, / A. The total load at the proportional limit is 60 N +20 N =80 N. 
stress = zoan =2.1x10° Pa 
(0.35 x10 m) 
EVALUATE: The value of Y we calculated is close to the value for iron, nickel and steel in Table 11.1. 
F (N) 
80 


Jeon N/m) =1.8x10"' Pa 


l (cm) 


3 3.2 3.4 3.6 3.8 4 4.2 4.4 
Figure 11.86 
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IDENTIFY: Use the second condition of equilibrium to relate the tension in the two wires to the distance w is from 
the left end. Use Eqs.(11.8) and (11.10) to relate the tension in each wire to its stress and strain. 
(a) SETUP: stress =F, / A, so equal stress implies T/A same for each wire. 


T,/2.00 mm? =T,/4.00 mm’ so T, = 2.007, 


The question is where along the rod to hang the weight in order to produce this relation between the tensions in the 
two wires. Let the weight be suspended at point C, a distance x to the right of wire A. The free-body diagram for 
the rod is given in Figure 11.87. 


Ts Tp 
EXECUTE: 
E X To = 0 


< ih R +T,(1.05 m-x)-T,x =0 
x 1.05m- x 
Ww 


Figure 11.87 


But T, =2.007, so 2.007,(1.05 m—x)—-T,x =0 
2.10 m—2.00x =x and x =2.10 m/3.00=0.70 m (measured from A). 
(b) SETUP: Y =stress/strain gives that strain =stress/Y = F,/ AY. 
EXECUTE: Equal strain thus implies 

T: T, 


A B 


(2.00 mm?)(1.80x10" Pa) (4.00 mm?)(1.2010" Pa) 


T, -oiar =1.333T,. 


2.00 /\ 1.80 
The Nrg =0 equation still gives 7,(1.05 m- x)-T,x =0. 
But now T, =1.3337, so (1.3337,)(1.05 m—x)-T,x =0 


1.40 m =2.33x and x =1.40 m/2.33=0.60 m (measured from A). 
EVALUATE: Wire B has twice the diameter so it takes twice the tension to produce the same stress. For equal 
stress the moment arm for T, (0.35 m) is half that for T, (0.70 m), since the torques must be equal. The smaller Y 


for B partially compensates for the larger area in determining the strain and for equal strain the moment arms are 
closer to being equal. 
IDENTIFY: Apply Eq.(11.10) and calculate A/ . 


SET Up: When the ride is at rest the tension F, in the rod is the weight 1900 N of the car and occupants. When 
the ride is operating, the tension F, in the rod is obtained by applying YF = ma to a car and its occupants. The 
free-body diagram is shown in Figure 11.88. The car travels in a circle of radius r =/sin@ , where / is the length of 
the rod and @ is the angle the rod makes with the vertical. For steel, Y = 2.0 x 10" Pa. 

æ =8.00 rev/min = 0.838 rad/s . 

LF (15.0 m)(1900 N) 

YA (2.0x10'' Pa)(8.00x10~ m°) 
(b) SF. =ma, gives F, sin = mræ’ = mlsin bæ’ and 


lo -( 1900 N 
9.80 m/s” 


EXECUTE: (a) Al = =1.78x10* m=0.18 mm 


2.04x10° N 
1900 N 


Jaso m)(0.838 rad/s)? =2.04x10° N. Al -Í Jois mm) =0.19 mm 
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EVALUATE: DHE =ma gives F, cos@=mg and cos =mg/F, . As wincreases F, increases and cos 


becomes small. Smaller cos@ means @ increases, so the rods move toward the horizontal as @ increases. 


F, sin@ 


mg 
Figure 11.88 


IDENTIFY and SET UP: The tension is the same at all points along the composite rod. Apply Eqs.(11.8) and 
(11.10) to relate the elongations, stresses, and strains for each rod in the compound. 


EXECUTE: Each piece of the composite rod is subjected to a tensile force of 4.00x10* N. 


(a) fein so A= fh 
AAl YA 
: Fil, b Fl, n s 
Al, = Al, gives that :— = —= (b for brass and n for nickel); /,,, =L 
b“ b n^n 
But the F, is the same for both, so 
Y, Ay 
0,n Y, A, 0,b 
21x10" Pa \f 1.0 ; 
ES ES | SO ene ioie 
9.0x10™ Pa J| 2.00 cm 


(b) stress=F,/A=T/A 

brass: stress = T / A =(4.00x10* N)/(2.00 x10% m°) =2.00x10* Pa 

nickel: stress = T / A =(4.00x10* N)/(1.00x10~ m°) = 4.00 x10°* Pa 

(c) Y =stress/strain and strain =stress/Y 

brass: strain = (2.00 x108 Pa)/(9.0x10'° Pa) = 2.22 x107 

nickel: strain =(4.00 x10* Pa)/(21x10" Pa) =1.90x10° 

EVALUATE: Larger Y means less A/ and smaller A means greater A/, so the two effects largely cancel and the 


lengths don’t differ greatly. Equal A/ and nearly equal / means the strains are nearly the same. But equal tensions 
and A differing by a factor of 2 means the stresses differ by a factor of 2. 


F Al ; ; ; ; ; 

IDENTIFY: Apply Si =Y ($) The height from which he jumps determines his speed at the ground. The 
0 

acceleration as he stops depends on the force exerted on his legs by the ground. 

SETUP: In considering his motion take +y downward. Assume constant acceleration as he is stopped by the floor. 

EXECUTE: (a) F, = YA (4 


0 


|- Gorio m?)(14x10° Pa)(0.010) =4.2x10* N 


(b) As he is stopped by the ground, the net force on him is F „=F, —mg, where F, is the force exerted on him by 


et 
the ground. From part (a), F, =2(4.2x10* N) =8.4x10* N and F =8.4x10* N — (70 kg)(9.80 m/s”) =8.33x10* N . 
F 


net 


Vo, =—4,t =(-1.19x 10° m/s*)(0.030 s) = 35.7 m/s. His speed at the ground therefore is v = 35.7 m/s . This speed is 


oy 

2 3 ; 2 
related to his initial height above the floor by tmy? =mgh and h= aa AOS IS) = 
2g  2(9.80 m/s“) 


=ma gives a=1.19x10° m/s’. a, =—1.19x 10° m/s’ since the acceleration is upward. V, =V, +a,t gives 
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EVALUATE: Our estimate is based solely on compressive stress; other injuries are likely at a much lower height. 


IDENTIFY and SETUP: Y=F'/,/A Al (Eq.11.10 holds since the problem states that the stress is proportional to 
the strain.) Thus A/ = F'/,/ AY. Use proportionality to see how changing the wire properties affects Al. 
EXECUTE: (a) Change /, but F, (same floodlamp), A (same diameter wire), and Y (same material) all stay the 
same. 

Al F Al Al, 
— = — = constant, so —— = —<— 
l AY Aly, Alg 


Al, = Al (l/l) = 244 =2(0.18 mm) = 0.36 mm 
Fh 
tad’Y 
F, l, Yall stay the same, so Al(d’) =F h/(47Y) = constant 
Al (d?) = Al, (d3) 
Al, = Al,(d,/d,)° = (0.18 mm)(1/2)}° = 0.045 mm 
(c) F,, h, Aall stay the same so A/Y = F l, / A = constant 
ALY, = ALY, 
Al, = Al,(Y,/Y,) = (0.18 mm)(20x10"° Pa/11x10'° Pa) =0.33 mm 


EVALUATE: Greater / means greater A/, greater diameter means less A/, and smaller Y means greater Al. 
IDENTIFY: Apply Eq.(11.13) and calculate AV . 


(b) A=2(d/2) =42d’, so Al = 


SET Up: The pressure increase is w/ A , where w is the weight of the bricks and A is the area zr’ of the piston. 
_ (1420 kg)(9.80 m/s) 


EXECUTE: Ap= ——— =1.97x10° Pa 
77(0.150 m) 
5 
ap =—B 2”. gives ay =- CITAO Pa}250L) _ 9 9549 1 
V, B 9.09x10° Pa 


EVALUATE: The fractional change in volume is only 0.022%, so this attempt is not worth the effort. 
IDENTIFY and SETUP: Apply Eqs.(11.8) and (11.15). The tensile stress depends on the component of F 


perpendicular to the plane and the shear stress depends on the component of F parallel to the plane. The forces 
are shown in Figure 11.93a 


Figure 11.93a 
(a) EXECUTE: The components of F are shown in Figure 11.93b. 


p F cos 0 


F The area of the diagonal 
face is A/cos0. 


F| = Fsin@ 


Alcos 0 
Figure 11.93b 


2 
tensile stress = oie = = F cos0/(A/cos 6) = F cos o 
(4/cos0) 
F, . : 
(b) shear stress = is = F sin@/(A/cos@) = Penescre z ane (ising ati E 
cos 


EVALUATE: (c) From the result of part (a) the tensile stress is a maximum for cos@=1, so 0=0°. 
(d) From the result of part (b) the shear stress is a maximum for sin20=1, so for 20 =90° and thus 0 = 45° 
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IDENTIFY: Apply the first and second conditions of equilibrium to the rod. Then apply Eq.(11.10) to relate the 
compressive force on the rod to its change in length. 

SET Up: For copper, Y=1.1x10" Pa. 

EXECUTE: (a) Taking torques about the pivot, the tension T in the cable is related to the weight by 


T(sin6)/, = mgl,/2, so T = ae The horizontal component of the force that the cable exerts on the rod, and 
sin 


hence the horizontal component of the force that the pivot exerts on the rod, is F008 and the stress is Foot). 


t , 
(b) Al = a = me Al corresponds to a decrease in length. 


(c) In terms of the density and length, (m/A) = ph, so the stress is (pl,g/2)cot@ and the change in length is 
(pl. ¢/2Y) cot. 


(d) Using the numerical values, the stress is 1.4x10° Pa and the change in length is 2.2x10° m. 

(e) The stress is proportional to the length and the change in length is proportional to the square of the length, and 
so the quantities change by factors of 2 and 4. 

EVALUATE: The compressive force and therefore the decrease in length increase as @ decreases and the cable 
becomes more nearly horizontal. 

IDENTIFY: Apply the first and second conditions for equilibrium to the bookcase. 

SET Up: When the bookcase is on the verge of tipping, it contacts the floor only at its lower left-hand edge and 
the normal force acts at this point. When the bookcase is on the verge of slipping, the static friction force has its 
largest possible value, yn . 


EXECUTE: (a) Taking torques about the left edge of the left leg, the bookcase would tip when 
F=- (1500 N)(0.90 m) 
(1.80 m) 


=750 N and would slip when F = (44)(1500 N) =600 N, so the bookcase slides before 


tipping. 

(b) If F is vertical, there will be no net horizontal force and the bookcase could not slide. Again taking torques 
(1500 N)(0.90 m) _ 

— 00m =13.5 kN. 


(c) To slide, the friction force is f = 4, (w+ F cos), and setting this equal to F sinĝ and solving for F gives 


F= o aT (to slide). To tip, the condition is that the normal force exerted by the right leg is zero, and 


~ sind 4l, COS 
taking torques about the left edge of the left leg, F'sin@(1.80 m) + F'cos@(0.10 m) = w(0.90 m), and solving for 


about the left edge of the left leg, the force necessary to tip the case is 


F gives F = (to tip). Setting the two expressions equal to each other gives 


w 
(1/9)cosð + 2sin0 


u, ((1/9)cosð + 2sin 0) = sin 8 — u, cos 8 and solving for 8 gives 8 = aran COM ) =66°. 


(1-24) 

EVALUATE: The result in (c) depends not only on the numerical value of 4, but also on the width and height of 
the bookcase. 

IDENTIFY: Apply ye =0 to the post, for various choices of the location of the rotation axis. 


SET Up: When the post is on the verge of slipping, f, has its largest possible value, f, = un. 
EXECUTE: (a) Taking torques about the point where the rope is fastened to the ground, the lever arm of the applied 
force is h/2 and the lever arm of both the weight and the normal force is /tan@, and so F A =(n—w)htan 0. 


h 


Taking torques about the upper point (where the rope is attached to the post), fh = F 7 


. Using f < u,n and solving 
i 1 LON 
=2(400 N) —— -——— | =400N. 
0.30 tan36.9° 


for F, F <2w “se i 
u, tan 


(b) The above relations between F,n and f become Ph =(n-w)h tand, f = =F, and eliminating fand and 


75 _3/3 
u, tan 


gj 
solving for F gives F < vf ) , and substitution of numerical values gives 750 N to two figures. 
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(c) If the force is applied a distance y above the ground, the above relations become 


l-y/h /h 
Fy=(n-w)htanð, F(h-— y)= fh, which become, on eliminating n andf, w= p> 7 o i 
Hs an 


| As the 


term in square brackets approaches zero, the necessary force becomes unboundedly large. The limiting value of y 
is found by setting the term in square brackets equal to zero. Solving for y gives 

y_ tan ____ tan36.9° 

h u +tanð 0.30+ tan36.9° 
EVALUATE: For the post to slip, for an axis at the top of the post the torque due to F must balance the torque due 
to the friction force. As the point of application of F approaches the top of the post, its moment arm for this axis 
approaches zero. 


IDENTIFY: Apply Èr =0 to the girder. 


=0.71. 


SETUP: Assume that the center of gravity of the loaded girder is at L/2, and that the cable is attached a distance 


x to the right of the pivot. The sine of the angle between the lever arm and the cable is then hl fi? +((L/2)-x)P . 
EXECUTE: The tension is obtained from balancing torques about the pivot; 


T ie =wL/2, where wis the total load . The minimum tension will occur when the term in 
Jk +((L/2)- x) 

square brackets is a maximum; differentiating and setting the derivative equal to zero gives a maximum, and hence 

a minimum tension, at x,,,, = (kD) +(L/2). However, if x,,,, > L, which occurs if h > L/N2, the cable must be 

attached at L, the farthest point to the right. 

EVALUATE: Note that x,,, is greater than L/2 but approaches L/2as h — 0 . The tension is a minimum when 

the cable is attached somewhere on the right-hand half of the girder. 

IDENTIFY: Apply the equilibrium conditions to the ladder combination and also to each ladder. 

SETUP: The geometry of the 3-4-5 right triangle simplifies some of the intermediate algebra. Denote the forces 

on the ends of the ladders by F, and F, (left and right). The contact forces at the ground will be vertical, since the 


min 


floor is assumed to be frictionless. 

EXECUTE: (a) Taking torques about the right end, F, (5.00 m) = (480 N)(3.40 m) + (360 N)(0.90 m), so 

F,=391N. F, may be found in a similar manner, or from F, =840 N — F, =449 N. 

(b) The tension in the rope may be found by finding the torque on each ladder, using the point A as the origin. The 

lever arm of the rope is 1.50 m. For the left ladder, T(1.50 m) = F, (3.20 m) — (480 N)(1.60 m), so T =322.1N 

(322 N to three figures). As a check, using the torques on the right ladder, 7(1.50 m) = F, (1.80 m) — (360 N)(0.90 m) 

gives the same result. 

(c) The horizontal component of the force at A must be equal to the tension found in part (b). The vertical force 

must be equal in magnitude to the difference between the weight of each ladder and the force on the bottom of 

each ladder, 480 N—391 N = 449 N -360 N =89 N. The magnitude of the force at A is then 

G22.1 N)? +(89 N}? =334 N. 

(d) The easiest way to do this is to see that the added load will be distributed at the floor in such a way that 

F} = F, +(0.36)(800 N) = 679 N, and F; = F; + (0.64)(800 N) =961 N. Using these forces in the form for the 

tension found in part (b) gives 

_ F/(3.20 m)—(480 N)(1.60 m) _ F,(1.80 m) — (360 N)(0.90 m) 
(1.50 m) (1.50 m) 

EVALUATE: The presence of the painter increases the tension in the rope, even though his weight is vertical and 


the tension force is horizontal. 
IDENTIFY: Apply Eq.(11.14) to each material, the oil and the sodium. For each material, Ap = F/A. 


T =937N. 


SET Up: The total volume change, AY, 


tot > 


is related to the distance the piston moves by AV, = Ax . 


tot 
EXECUTE: The change in the volume of the oil is kovo Ap and the change in the volume of the sodium is k,v,Ap. 
Setting the total volume change equal to Ax (x is positive) and using Ap = F/A, Ax = (kV +kV)(F/A), and 


; ; A 1 
solving for k, gives k, = (E-n) 


s 
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2 
X 


F . i 7 A 
EVALUATE: Neglecting the volume change of the oil corresponds to setting ko =0, and in that case k, = Fv In 


either case, x is larger when k, is larger. 
IDENTIFY: Write A(pV)or A(pV”) in terms of Ap and AV and use the fact that pV or pV’ is constant. 
SET Up: Bis given by Eq.(11.13). 

(Ap _ 


EXECUTE: (a) For constant temperature (AT = 0) i A(pV ) = (Ap)V T p(AV) =Oand B= ~ (AV) =p 


(b) In this situation, (Ap)V” + yp (AV) v7" =0, (Ap)+ pa =0, and B= SO" = YP. 


EVALUATE: We will see later that y >1, so B is larger in part (b). 
IDENTIFY: Apply Eq.(11.10) to calculate Al . 

SETUP: For steel, Y =2.0x10" Pa. 

(4.50 kg)(9.80 m/s”)(1.50 m) 
(20x10"° Pa)(5.00x107"m,) 
(b) (4.50 kg)(9.80 m/s?)(0.0500 x10? m) =0.022 J. 

(c) The magnitude F will vary with distance; the average force is YA(0.0250 cm//,) =16.7 N, and so the work 
done by the applied force is (16.7N)(0.0500 x10~ m) =8.35x10° J. 

(d) The average force the wire exerts is (450 kg)g +16.7 N = 60.8 N. The work done is negative, and equal to 


~(60.8 N)(0.0500 x10 m) =-3.04x107 J. 


EXECUTE: (a) From Eq.(11.10), A/= =6.62x10~ m, or 0.66 mm to two figures. 


(e) Eq.(11.10) is in the form of Hooke’s law, with k =”, U, =the’, 80 AU, =4k(x3 - x). 


0 
x, =6.62x10* mand x, =0.500x10° m+ x, =11.62x10~ m. The change in elastic potential energy is 
(20x10 Pa)(5.00x10~7 m°) 
2(1.50 m) 


((11.62x10* m}? -(6.62x10* m)}?) =3.04x10° J, the negative of the result of 


part (d). 
EVALUATE: The tensile force in the wire is conservative and obeys the relation W = —AU . 
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12.3. 


12.4. 


IDENTIFY and SET UP: Use the law of gravitation, Eq.(12.1), to determine F,. 


mm m,m 
S M = = . = E M 
z (S=sun, M =moon); Foam =0-5 


FSM FEM 


EXECUTE: Fams (E =earth) 


5 2 

Fe onm _ Gg msi FEM _ Ms (a) 
2 

Fon Fsm Gm; My Mg \ Fsm 


Tz,» the radius of the moon’s orbit around the earth is given in Appendix F as 3.84x10° m. The moon is much 


closer to the earth than it is to the sun, so take the distance 7%, of the moon from the sun to be zg, the radius of 
the earth’s orbit around the sun. 

Fy am [ea eaa A G 

F, 5.98 x10% kg J| 1.50x10"" m “a 


EonM 
EVALUATE: The force exerted by the sun is larger than the force exerted by the earth. The moon’s motion is a 
combination of orbiting the sun and orbiting the earth. 


Gmm, 
r° 


IDENTIFY: The gravity force between spherically symmetric spheres is F, = , where r is the separation 


between their centers. 

SETUP: G=6.67x10'' N-m’/kg’ . The moment arm for the torque due to each force is 0.150 m. 

_ (6.67x10"' N-m*/kg’*)(1.10 kg)(25.0 kg) 
(0.120 m)? 

Figure 12.4 in the textbook we see that the forces for each pair are in opposite directions, so 

(b) The net torque is 7,,, =2F,/ = 2(1.27x 107 N)(0.150 m) =3.81x10° N-m. 


(c) The torque is very small and the apparatus must be very sensitive. The torque could be increased by increasing 
the mass of the spheres or by decreasing their separation. 

EVALUATE: The quartz fiber must twist through a measurable angle when a small torque is applied to it. 
IDENTIFY: The force exerted on the particle by the earth is w= mg , where m is the mass of the particle. The 


EXECUTE: (a) For each pair of spheres, F, =1.27x10’ N . From 


=0. 


net 


Gmm, 
2 
z 


force exerted by the 100 kg ball is F, = 


, where r is the distance of the particle from the center of the ball. 


SETUP: G=6.67x10"'' N-m’/kg’, g =9.80 m/s’. 


; Gmm,, 
EXECUTE: F, =w gives ~al 


Sh. 2 2 
Ma | (oera nm kg (100 k8) _ 9 61x10 m=0.0261 mm. It is not feasible to do this; a 
g . s 


100 kg ball would have a radius much larger than 0.0261 mm. 

EVALUATE: The gravitational force between ordinary objects is very small. The gravitational force exerted by 
the earth on objects near its surface is large enough to be important because the mass of the earth is very large. 
IDENTIFY: Apply Eq.(12.2), generalized to any pair of spherically symmetric objects. 

SETUP: The separation of the centers of the spheres is 2R. 

EXECUTE: The magnitude of the gravitational attraction is GM?°/(2R} =GM7/4R’. 


EVALUATE: Eq.(12.2) applies to any pair of spherically symmetric objects; one of the objects doesn't have to be 
the earth. 


= mg and 


12-1 


12-2 


Chapter 12 


12.5. 


12.6. 


12.7. 
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IDENTIFY: Use Eq.(12.1) to calculate F, exerted by the earth and by the sun and add these forces as vectors. 


(a) SETUP: The forces and distances are shown in Figure 12.5. 
earth . sun 
F ; 


EMANE = $ 
È EnEn Let F, and F, be the 
m E ms 2 7 
3 sea ; gravitational forces exerted 
<— ae = > on the spaceship by the 
z r a earth and by the sun. 
Figure 12.5 


EXECUTE: The distance from the earth to the sun is r =1.50x10'' m. Let the ship be a distance x from the 
earth; it is then a distance r—x from the sun. 


F, =F, says that Gmm,/x° =Gmm,/(r — x)” 
mlx? =ms/(r—x) and (r—x)? =x°(m,/m,) 
r—x=x,/m,/m, and r=x(1+,/m,/m, ) 

r E 1.50x10" m 
1+ m/m; 1+/1.99x10” kg/5.97x10” kg 


(b) EVALUATE: At the instant when the spaceship passes through this point its acceleration is zero. Since 
m, ® m, this equal-force point is much closer to the earth than to the sun. 


=2.59x10° m (from center of earth) 


IDENTIFY: Apply Eq.(12.1) to calculate the magnitude of the gravitational force exerted by each sphere. Each 
force is attractive. The net force is the vector sum of the individual forces. 
SET Up: Let +x be to the right. 


(5.00 kg) , (10.0 kg) 
(0.400 m}? ` (0.600 m}? 


EXECUTE: (a) F,, =(6.673x10™" N-m’/kg’)(0.100 kg) =-2.32x10™'N , with the 
minus sign indicating a net force to the left. 
(b) No, the force found in part (a) is the net force due to the other two spheres. 
EVALUATE: The force from the 5.00 kg sphere is greater than for the 10.0 kg sphere even though its mass is less, 
because r is smaller for this mass. 
Gm,m 
2 
P 


IDENTIFY: The force exerted by the moon is the gravitational force, F, = . The force exerted on the 


person by the earth is w= mg . 
SETUP: The mass of the moon is my =7.35x10” kg. G =6.67x10™ N-m*/kg’. 
(7.35x10” kg)(70 kg) 


(8.78x10° m}? 
(b) Fn =w =(70 kg)(9.80 m/s°)=690 N. Foon E. 


moon earth =3.5x10*. 
EVALUATE: The force exerted by the earth is much greater than the force exerted by the moon. The mass of the 
moon is less than the mass of the earth and the center of the earth is much closer to the person than is the center of 
the moon. 
IDENTIFY: Use Eq.(12.2) to find the force each point mass exerts on the particle, find the net force, and use 
Newton’s second law to calculate the acceleration. 
SETUP: Fach force is attractive. The particle (mass m) is a distance 7, = 0.200 m from m, = 8.00 kg and 


EXECUTE: (a) Faon =F, =(6.67x10™" N-m’/kg”) =2.4x10°N. 


moon 


therefore a distance r, = 0.300 m from m, =15.0 kg . Let +x be toward the 15.0 kg mass. 


.00 k ; 5 Sete 
EXECUTE: F= ann =(6.67x10"' N- m?/kg?) 8-00 ken = (1.334x10°% N/kg)m, in the —x -direction. 
r, (0.200 m) 
F, = onom =(6.67x10"! N- mkg’) 20 kem =(1.112x10® N/kg)m, in the +x -direction. The net force is 
r (0.300 m) 


F. =F +F, =(-1.334x10° N/kg +1.112x10° N/kg)m =(-2.2x10° N/kg)m . a, = F. =-2.2x10° m/s? . The 
m 


acceleration is 2.2x10° m/s’, toward the 8.00 kg mass. 
EVALUATE: The smaller mass exerts the greater force, because the particle is closer to the smaller mass. 


Gravitation 12-3 


12.9, 


12.10. 


12.11. 


IDENTIFY: Apply Eq.(12.1) to calculate the magnitude of each gravitational force. Each force is attractive. 
SETUP: The masses are mų =7.35x10” kg , m =1.99x10" kg and m, =5.97x10™ kg . Denote the earth-sun 


separation as 7, and the earth-moon separation as r, . 


EXECUTE: (a) (Gm,,) ms 4 Me | 6 30x10 N, toward the sun. 
i mrn r 
1 2 2 


(b) The earth-moon distance is sufficiently small compared to the earth-sun distance (r << rı) that the vector from 
the earth to the moon can be taken to be perpendicular to the vector from the sun to the moon. The gravitational 


forces are then thal =4.34x10” N and Gigs =1.99x10”N , and so the force has magnitude 4.77 x10” N 
n 5 


and is directed 24.6° from the direction toward the sun. 


(c) (Gma) Ms 5 E =2.37x10” N, toward the sun. 
(a-n) h 

EVALUATE: The net force is very different in each of these three positions, even though the magnitudes of the 

forces from the sun and earth change very little. 

IDENTIFY: Apply Eq.(12.1) to calculate the magnitude of each gravitational force. Each force is attractive. 

SETUP: The forces on one of the masses are sketched in Figure 12.10. The figure shows that the vector sum of 

the three forces is toward the center of the square. 


45° 
EXECUTE: Fa =2F,cos 45°+F, =2 GM tis ROSAS H Gatin 


Fan Fin 
-11 2 2 2: o -11 : 2 2 2 
Fas 2(6.67 x10 N-m‘/kg xem kg)“ cos 45 (6.67x10 N-m ike )(800 kg) = 89x10" N toward the 
(0.10 m) (0.10 m) 


center of the square. 
EVALUATE: We have assumed each mass can be treated as a uniform sphere. Each mass must have an unusually 
large density in order to have mass 800 kg and still fit into a square of side length 10.0 cm. 


A Fp B 
© 
Fo Fp 
@ © 
C D 


Figure 12.10 


IDENTIFY: Use Eq.(12.2) to calculate the gravitational force each particle exerts on the third mass. The 
equilibrium is stable when for a displacement from equilibrium the net force is directed toward the equilibrium 
position and it is unstable when the net force is directed away from the equilibrium position. 

SETUP: For the net force to be zero, the two forces on M must be in opposite directions. This is the case only 
when M is on the line connecting the two particles and between them. The free-body diagram for M is given in 
Figure 12.11. m,=3m and m, =m . If M is a distance x from m,, it is a distance 1.00 m — x from m, . 


3 M 
EXECUTE: (a) F, =F, +F, =-G = +G z 
i f i x (1.00 m—x) 


>=0. 3(1.00 m—x)’ =x’. 1.00 m—x=+x/¥3 . Since 


1.00 m 


141/V3 


point that is 0.634 m from the particle of mass 3m and 0.366 m from the particle of mass m. 

(b) (i) If M is displaced slightly to the right in Figure 12.11, the attractive force from m is larger than the force 
from 3m and the net force is to the right. If M is displaced slightly to the left in Figure 12.11, the attractive force 
from 3m is larger than the force from m and the net force is to the left. In each case the net force is away from 
equilibrium and the equilibrium is unstable. 

(ii) If M is displaced a very small distance along the y axis in Figure 12.11, the net force is directed opposite to the 
direction of the displacement and therefore the equilibrium is stable. 


M is between the two particles, x must be less than 1.00 m and x = = 0.634 m . M must be placed at a 
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EVALUATE: The point where the net force on M is zero is closer to the smaller mass. 
F 


}<—1.00 m — x— 


k 1.00 m >| 


Figure 12.11 


12.12. IDENTIFY: The force F exerted by m on M and the force F, exerted by 2m on M are each given by Eq.(12.2) and 
the net force is the vector sum of these two forces. 
SET Up: Each force is attractive. The forces on M in each region are sketched in Figure 12.12a. Let M be at 
coordinate x on the x-axis. 
EXECUTE: (a) For the net force to be zero, F, and F, must be in opposite directions and this is the case only for 
GmM _ G(2m)M 


. —. 2x? =(L- x) and L—x=+V2x. x must be less 
x (L-x) 


0<x<L. F +F, =0 then requires F =F, . 


L 


EEND 


(b) For x<0, F,>0. F, —>Q0as x >-coand F, > +0as x—>0.For x>L, F,<0. F,—>0as x > and 


than L, so x= =0.414L. 


F.—>-oas x >L. For 0<x<0.414L, F.<Oand F, increases from —o to 0 as x goes from 0 to 0.414L. For 


0.414L<x<L, F.>Oand F, increases from 0 to +% as x goes from 0.414Z to L. The graph of F, versus x is 
sketched in Figure 12.12b. 

EVALUATE: Any real object is not exactly a point so it is not possible to have both m and M exactly at x =0 or 
2m and M both exactly at x = L . But the magnitude of the gravitational force between two objects approaches 
infinity as the objects get very close together. 


M F; m M 2m FEL M : 
F, Fi F, Fy 
k—— |, ———>| 
(a) 
FY 
I 
] 
1 
] 
I 
1 
| 
] 
1 
| s 
0.414L L i 
] 
1 
] 
l 
] 
1 
! 
(b) 


Figure 12.12 
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12.13. IDENTIFY: Use Eq.(12.1) to find the force exerted by each large sphere. Add these forces as vectors to get the net 
force and then use Newton’s 2nd law to calculate the acceleration. 
SET Up: The forces are shown in Figure 12.13. 


sin 0 = 0.80 
cos 0 =0.60 
Take the origin of coordinate at 
point P. 
y 
Figure 12.13 
EXECUTE: F, =G Man E a EENOOIO KS) 1.73510 N 
r (0.100 m) 
F, = G2 =1.735x10™" N 


z; 
F „ =—F, sin =-(1.735x10™ N)(0.80) =-1.39x10™" N 
F, =-F,cos0 = +(1.735x10™" N)(0.60) = +1.04x10™ N 
F, = +F, sin 0 = +1.39x10'' N 
F,, = +F, cos 0 =+1.04x107' N 


XF, =ma, gives F, + F,, =ma, 

0=ma, so a, =0 

XF, =ma, gives F, + Fp =ma, 

2(1.04x10™ N) = (0.010 kg)a, 

a,= 2.1x10° m/s’, directed downward midway between A and B 


EVALUATE: For ordinary size objects the gravitational force is very small, so the initial acceleration is very 
small. By symmetry there is no x-component of net force and the y-component is in the direction of the two large 
spheres, since they attract the small sphere. 

12.14. IDENTIFY: Apply Eq.(12.4) to Pluto. 


SET Up: Pluto has mass m=1.5x10” kg and radius R=1.15x10° m. 
(6.76310! N-m*/kg”)(1.5x10”kg) 
(1.15x10°m) 


EVALUATE: g atthe surface of Pluto is much less than g at the surface of Earth. Eq.(12.4) applies to any 

spherically symmetric object. 

mm, 
2 


=0.757 m’/s’. 


EXECUTE: Equation (12.4) gives g = 


12.15. IDENTIFY: F, =G 


, SO a, = G—, where r is the distance of the object from the center of the earth. 
r r 


SETUP: r=h+R,,, where his the distance of the object above the surface of the earth and R, =6.38x10° m is 


the radius of the earth. 
EXECUTE: To decrease the acceleration due to gravity by one-tenth, the distance from the center of the earth 


must be increased by a factor of 10 , and so the distance above the surface of the earth is 
(VIO -1)R, =1.38x10"m. 
EVALUATE: This height is about twice the radius of the earth. 
12.16. IDENTIFY: Apply Eq.(12.4) to the earth and to Venus. w=mg . 
Gm 


2 
E 


SETUP: g=—£=9.80 m/s’. m, =0.815m, and R, =0.949R,. w, =mg, =75.0 N. 


Gry = G(0.815m,) “ngs Gms 
R? (0.949R,) R? 


(b) w, =mg, =0.905mg, =(0.905)(75.0 N) =67.9 N. 


EXECUTE: (a) g, = 


=0.905g,. 
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12.17. 


12.18. 


12.19. 


12.20. 


12.21. 


12.22. 


EVALUATE: The mass of the rock is independent of its location but its weight equals the gravitational force on it 
and that depends on its location. 
(a) IDENTIFY and SET Up: Apply Eq.(12.4) to the earth and to Titania. The acceleration due to gravity at the 


surface of Titania is given by g, =Gm,/R;, where m, is its mass and R, is its radius. 


For the earth, g, =Gm,/R,. 


EXECUTE: For Titania, m,=m,/1700 and R,=R,/8, so g, = 


Gm, _ G(m,/1700) -( 64 je =0.0377g 
= 7; ~ | as 


R? (R;/8} 1700) Rè 
Since g, =9.80 m/s’, g, =(0.0377)(9.80 m/s’) = 0.37 m/s’. 


EVALUATE: gon Titania is much smaller than on earth. The smaller mass reduces g and is a greater effect than 
the smaller radius, which increases g. 
(b) IDENTIFY and SET UP: Use density = mass/volume. Assume Titania is a sphere. 


EXECUTE: From Section 12.2 we know that the average density of the earth is 5500 kg/m’. For Titania 

= m, _ m,/1700 _ 512 512 

TamR 4x(R,/8¥ 1700" 1700 

EVALUATE: The average density of Titania is about a factor of 3 smaller than for earth. We can write Eq.(12.4) 

for Titania as g, =47GR,p,. Zr < 8g: both because p,<p, and R,<R,. 

IDENTIFY: Apply Eq.(12.4) to Rhea. 

SETUP: p=m/V . The volume ofa sphere is V =47R’. 

gR? 
G (4113) R° 

EVALUATE: The average density of Rhea is about one-fourth that of the earth. 

IDENTIFY: Apply Eq.(12.2) to the astronaut. 

SETUP: m,=5.97x10% kg and R, =6.38x10° m. 


5500 kg/m*) =1700 kg/m? 
g 


Pr 


EXECUTE: M =2—=2.44x10"' kg and p= =1.30x10° kg/m’. 


mm 
EXECUTE: F,=G—# 


. r=600x10°m+R, so F,=610N. At the surface of the earth, w= mg =735 N. The 
7 


gravity force is not zero in orbit. The satellite and the astronaut have the same acceleration so the astronaut’ s 
apparent weight is zero. 
EVALUATE: In Eq.(12.2), r is the distance of the object from the center of the earth. 


m ; 
IDENTIFY: g, =G—+., where the subscript n refers to the neutron star. w= mg . 


n 


SETUP: R, =10.0x10° m. m, =1.99x10” kg . Your mass is m eu SNe 68.9 kg. 
g 9.80 m/s 
1.99x10 kg 
(10.0x10° m)? 
Your weight on the neutron star would be w, = mg, = (68.9 kg)(1.33x10" m/s*) =9.16x10° N. 


EVALUATE: Since R, is much less than the radius of the sun, the gravitational force exerted by the neutron star 


EXECUTE: g, =(6.673x10'' N-m’/kg”) 1.33 x10" m/s? 


on an object at its surface is immense. 
IDENTIFY and SET UP: Use the measured gravitational force to calculate the gravitational constant G, using 
Eq.(12.1). Then use Eq.(12.4) to calculate the mass of the earth: 


Fr’ _ (8.00x10™ N)(0.0100 m)? 

mm, (0.400 kg)(3.00x10° kg) 
Gm, . Règ _ (6.38x10° m)’ (9.80 m/s’) 

E5 p SOS PeT G 6.66710! N-m?/kg? 


EVALUATE: Our result agrees with the value given in Appendix F. 
IDENTIFY: Use Eq.(12.4) to calculate g for Europa. The acceleration of a particle moving in a circular path is 


EXECUTE: F, =G so G= =6.667x10™ N -m?/kg’. 
r 


= 5.98 x10 kg. 


= 2 
aad Fro. 


Ti 


SETUP: In a „a =r@°, @must be in rad/s. For Europa, R =1.569x10° m. 
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12.23. 


12.24. 


12.25. 


12.26. 


an _ (6. 67x10"! N-m’/kg’)(4.8x10” kg) 
8 8 
(1.569x10f m)? 


EE ENE ini = (0.553 rad) ous it Hey )=5.28 rpm. 
4.25 m 1 min /\ 27 rad 


EVALUATE: The radius of Europa is about one-fourth that of the earth and its mass is about one-hundredth that of 
earth, so g on Europa is much less than g on earth. The lander would have some spatial extent so different points 
on it would be different distances from the rotation axis and a,,, would have different values. For the œ we 


rad 


EXECUTE: =1.30 m/s’. g=a,,, gives 


calculated, a,,, = g at a point that is precisely 4.25 m from the rotation axis. 

IDENTIFY and SET UP: Example 12.5 gives the escape speed as v, = V2GM/R, where M and R are the mass and 
radius of the astronomical object. 

EXECUTE: v= {2(6.673 x10" N-m’/kg’)(3.6 x10" kg)/700 m = 0.83 m/s. 

EVALUATE: At this speed a person can walk 100 m in 120 s; easily achieved for the average person. We can 


write the escape speed as v, =,/470GR*, where p is the average density of Dactyl. Its radius is much smaller 


than earth’s and its density is about the same, so the escape speed is much less on Dactyl than on earth. 
IDENTIFY: In part (a) use the expression for the escape speed that is derived in Example 12.5. In part (b) apply 
conservation of energy. 


SETUP: R=4.5x10° m. In part (b) let point 1 be at the surface of the comet. 


2 3 2 
EXECUTE: (a) The escape speed is v = ls so M = Heo eee ne w =3.37x10" kg. 
\ R 2G  2(6.67x10™ N-m’/kg’) 


GMm GMm 


(b) (i) K,=4mv;. K, =0.100K,. U, = ni U, = az K, +U, =K, +U, gives 
Lm? CMM (0.100)(4mv;) GM . Solving for r gives 
r 


1 1 0.450% _ 1 0.450(1.0 m/s)” 
r R GM 45x10? m (667x107 N-m’/kg’)(3.37 x10" kg) 


loses all of its initial kinetic energy, but K, >0as r — œ . The farther the debris are from the comet’s center, the 


and r =45 km. (ii) The debris never 


smaller is their kinetic energy. 
EVALUATE: The debris will have lost 90.0% of their initial kinetic energy when they are at a distance from the 
comet’s center of about ten times the radius of the comet. 


IDENTIFY: The escape speed, from the results of Example 12.5, is V2GMIR. 

SET Up: For Mars, M =6.42x10" kg and R =3.40x10° m. For Jupiter, M =1.90x10” kg and 
R=6.91x10’ m 

EXECUTE: (a) v= (2(6.673 x10"! N-m’/kg’)(6.42 x10” kg)/(3.40x10° m) =5.02x10° m/s. 

(b) v= /2(6.673 x10’ N-m7/kg’(1.90x107 kg)/(6.91x10’ m) = 6.06 x10* m/s. 

(c) Both the kinetic energy and the gravitational potential energy are proportional to the mass of the spacecraft. 


EVALUATE: Example 12.5 calculates the escape speed for earth to be 1.12 10* m/s. This is larger than our 
result for Mars and less than our result for Jupiter. 


IDENTIFY: The kinetic energy is K =4mv* and the potential energy is U = som 
y 
SETUP: The mass of the earth is M, = 5.97 x10” kg. 
EXECUTE: (a) K =4(629 kg)(3.33x10° m/s} =3.49x10° J 
-tI 2 2 24 
(by U = GM,m__ (6.673x10~ N-m’/kg K TA kg)(629 kg) _ 873x107 J 
r 2.87x10 m 


EVALUATE: The total energy K +U is positive. 
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12.27. 


12.28. 


12.29. 


12.30. 


IDENTIFY: Apply Newton’s 2nd law to the motion of the satellite and obtain and equation that relates the orbital 
speed v to the orbital radius r. 


SET Up: The distances are shown in Figure 12.27a. 
mot h 


The radius of the orbit is r =h + R. 
r=7.80x10° m+6.38x10° m=7.16x10° m. 


Figure 12.27a 
The free-body diagram for the satellite is given in Figure 12.27b. 
(a) EXECUTE: J F,=ma, 
F, =Ma pa 
mm, v 


=m— 
r r 


G 


Figure 12.27b 


=7.46x10° m/s 


v= 


Gm; _ Ca N-m’/kg*)(5.97x10™ kg) 
r 7.16x10° m 
6 
2ar _ SATa m) -6030 s=1.68 h. 
7.46x10° m/s 


EVALUATE: Note that r=/A+R,, is the radius of the orbit, measured from the center of the earth. For this 


(b) T= 


satellite r is greater than for the satellite in Example 12.6, so its orbital speed is less. 

IDENTIFY: The time to complete one orbit is the period T, given by Eq.(12.12). The speed v of the satellite is 
Pea tes 2ar 

given by v= r 


SETUP: If/ is the height of the orbit above the earth’s surface, the radius of the orbit is r = A+ R, . 
R, =6.38x10° mand m, =5.97x10™ kg. 

2ar?* ———-2n(7.05x 10° m+6.38x10° m)?” 
Gm, (6.67107! N-m?/kg?)(5.97 x10” kg) 


22(7.05 x10° m+ 6.38 x10° m) 

(b) v= 3 
5.94x10° s 

EVALUATE: The satellite in Example 12.6 is at a lower altitude and therefore has a smaller orbit radius than the 
satellite in this problem. Therefore, the satellite in this problem has a larger period and a smaller orbital speed. But 
a large percentage change in A corresponds to a small percentage change in r and the values of T and v for the two 
satellites do not differ very much. 
IDENTIFY: Apply iF = mä to the motion of the earth around the sun. 


=5.94x10° s =99.0 min 


EXECUTE: (a) T= 


=7.49 x10? m/s =7.49 km/s 


SET Up: For the earth, T =365.3 days =3.156x10’ s and r=1.50x10" m. pee 
v 
2ar _ 2n(1.50x10'' m) 
T 3.156x10’ s 
_wr _(2.99x10* s) (1.50x10" m) 
5 G 6.673x10™! N - m?/kg? 


EVALUATE: Appendix F gives m, =1.99x10” kg, in good agreement with our calculation. 


MM v? 
EXECUTE: v= ay 
r 


=2.99x10" s. F, =ma,,, gives G z Em 


=2.01x10” kg 


IDENTIFY: We can calculate the orbital period T from the number of revolutions per day. Then the period and the 
orbit radius are related by Eq.(12.12). 
SETUP: m, =5.97x10™ kg and R, =6.38x10° m. The height h of the orbit above the surface of the earth is 


related to the orbit radius r by r=h+R,. 1 day =8.64x10' s . 
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12.31. 


12.32. 


12.33. 


12.34. 


12.35. 


EXECUTE: The satellite moves 15.65 revolutions in 8.64x10* s , so the time for 1.00 revolution is 


4 3/2 
pa SOHIUS eer ip eal 


15.65 (Gm, 
„(emr "$ (16.67x10™ N-m2/kg7][5.97 x10” kg][5.52x10°sf 
4r’ 47? 
h=r-R, =3.7x10° m=370 km. 


EVALUATE: The period of this satellite is slightly larger than the period for the satellite in Example 12.6 and the 
altitude of this satellite is therefore somewhat greater. 


gives 


1/3 
) . r=6.75x10Ć mand 


IDENTIFY: Apply XEF =ma to the motion of the baseball. v = = F 


SETUP: 7, =6x10 m. 


v? Gm, Eaa N-m’/kg’)(2.0x10" kg) Wai 


mm 
EXECUTE: (a) F, =ma _ gives G—2—=m—. v= 
@) F, ma 8 r ly 6x10 m 
4.7 m/s =11 mph , which is easy to achieve. 
2ar _ 2n(6x10° m) 
4.7 m/s 
EVALUATE: The speed v is relative to the center of Deimos. The baseball would already have some speed before 
we throw it, because of the rotational motion of Deimos. 
2 
IDENTIFY: T= and F, = Mapa- 
vV 


SETUP: The sun has mass m, =1.99x10° kg. The radius of Mercury’s orbit is 5.79x10' m , so the radius of 


Vulcan’s orbit is 3.86x10'° m. 


D 


(b) T= 


= 8020 s =134 min. The game would last a long time. 


2 
EXECUTE: F,, =ma,,, gives g7 =m% and v? = Sis : 
r r r 
3/2 10 3/2 
Gage SE ets AOT =4.13x10° s =47.8 days 
Gms „Gm, „[(6.673x10™ N-m2/kg”)(1.99 x10" kg) 


EVALUATE: The orbital period of Mercury is 88.0 d, so we could calculate T for Vulcan as 
T = (88.0 d)(2/3)** =47.9 days . 


IDENTIFY: The orbital speed is given by v=/Gm/r , where m is the mass of the star. The orbital period is given 
v 


SETUP: The sun has mass m, =1.99x10” kg. The orbit radius of the earth is 1.5010" m . 
EXECUTE: (a) v=VGmir. 
v= (6.673 x10! N-m’/kg)(0.85 x1.99x10*° kg)/((1.50 x10" m)(0.11)) =8.27 x10* m/s. 


(b) 2zr/v =1.25x10° s=14.5 days (about two weeks). 

EVALUATE: The orbital period is less than the 88 day orbital period of Mercury; this planet is orbiting very close 
to its star, compared to the orbital radius of Mercury. 

IDENTIFY: The period of each satellite is given by Eq.(12.12). Set up a ratio involving T and r. 


3/2 
: T 20 T T, 
SETUP: T= gives = constant , so 2 


= 1 
3/2 3/2 3/2 ° 
r |Gm, r r, 


3/2 3/2 
EXECUTE: 7, =T7, &) = (6.39 days) 10000 ki =24.5 days . For the other satellite, 
19,600 km 


64,000 km 
19,600 km 
EVALUATE: T increases when r increases. 

IDENTIFY: In part (b) apply the results from part (a). 

SETUP: For Pluto, e =0.248 and a =5.92x10” m. For Neptune, e= 0.010 and a = 4.50 x 10” m. The orbital 
period for Pluto is T =247.9 y. 


3/2 
T, = (6.39 ca) ( = 37.7 days . 
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12.36. 


12.37. 


12.38. 


EXECUTE: (a) The result follows directly from Figure 12.19 in the textbook. 

(b) The closest distance for Pluto is (1—0.248)(5.92 x10'*m) = 4.45 x10'm . The greatest distance for Neptune is 
(1+ 0.010)(4.50x10'"?m) = 4.55x10m. 

(c) The time is the orbital period of Pluto, T =248 y. 

EVALUATE: Pluto's closest distance calculated in part (a) is 0.10x10'? m=1.0x10* km, so Pluto is about 


100 million km closer to the sun than Neptune, as is stated in the problem. The eccentricity of Neptune's orbit is 


small, so its distance from the sun is approximately constant. 


Qari? 2ar 


, where m, is the mass of the star. v =——. 
V GM gay T 
SETUP: 3.09 days = 2.67 x10° s . The orbit radius of Mercury is 5.79x10'° m . The mass of our sun is 
1.99x10" kg. 


IDENTIFY: T= 


star 


3/2 


EXECUTE: (a) T =2.67x10° s. r=(5.79x10" my9 =6.43x10° m. T= gives 
V GM ar 

2-3 2 9 3 

N Ei KAA I DAK o = 1510" ee SL o SL lig 
sr" T’G  (2.67x10° 8)°(6.67 x10" N-m2/kg’) m i i 
9 

(by -27 = 24164310" M) 1 51x10" mis 

T 2.67x10° s 


EVALUATE: The orbital period of Mercury is 88.0 d. The period for this planet is much less primarily because the 
orbit radius is much less and also because the mass of the star is greater than the mass of our sun. 

(a) IDENTIFY: Ifthe orbit is circular, Newton’s 2nd law requires a particular relation between its orbit radius and 
orbital speed. 


SET Up: The gravitational force exedrted on the spacecraft by the sun is F, = Gm,m,/r°, where m, is the mass 
of the sun and m,, is the mass of the Helios B spacecraft. 
For a circular orbit, a „4 =v°/r and XF =m,v'/r. If we neglect all forces on the spacecraft except for the force 


exerted by the sun, F, = $ F =m,v"/r, so Gmgm,/r? = m,v"/r 


EXECUTE: v=,/Gm,/r = (6.673 x10! N-m’/kg’)(1.99 x10” kg)/43 x10” m =5.6x10* m/s = 56 km/s 

EVALUATE: The actual speed is 71 km/s, so the orbit cannot be circular. 

(b) IDENTIFY and SET Up: The orbit is a circle or an ellipse if it is closed, a parabola or hyperbola if open. The 

orbit is closed if the total energy (kinetic + potential) is negative, so that the object cannot reach r — œ. 

EXECUTE: For Helios B, 

K =4m,v’ =4m,(71x10° m/s}? =(2.52x10’m’/s*)m, 

U =-Gmgm,/r =m, (-(6.673 x10"! N-m7/kg”)(1.99 x10” kg)/(43 x 10° m)) =-(3.09 x10’ m7/s*)m, 

E =K +U =(2.52x10° m’/s*)m, —(3.09 x10’ m’/s*)m, =—-(5.7x10° m7/s*)m, 

EVALUATE: The total energy E is negative, so the orbit is closed. We know from part (a) that it is not circular, so 

it must be elliptical. 

IDENTIFY: Section 12.6 states that for a point mass outside a spherical shell the gravitational force is the same as 

if all the mass of the shell were concentrated at its center. It also states that for a point inside a spherical shell the 

force is zero. 

SETUP: For r=5.01 mthe point mass is outside the shell and for r = 4.99 mand r = 2.12 m the point mass is 

inside the shell. 

(1000.0 kg)(2.00 kg) 
(5.01 m} 


Execure: (a) (i) F, = 2" = (6.67%10"" N-m2/kg’) =5.31x10° N. (ii) F, =0. (ii) 
r 


F,=0. 


(b) For r < 5.00 m the force is zero and for r > 5.00 m the force is proportional to 1/r°. The graph of F, versus r 
is sketched in Figure 12.38. 


Gravitation 12-11 


12.39. 


12.40. 


EVALUATE: Inside the shell the gravitational potential energy is constant and the force on a point mass inside the 
shell is zero. 
p 


g 
|) 
l 
l 
l 
l 
l 
l 


5.00 m 
Figure 12.38 


IDENTIFY: Section 12.6 states that for a point mass outside a uniform sphere the gravitational force is the same as 
if all the mass of the sphere were concentrated at its center. It also states that for a point mass a distance r from the 
center of a uniform sphere, where r is less than the radius of the sphere, the gravitational force on the point mass is 
the same as though we removed all the mass at points farther than r from the center and concentrated all the 
remaining mass at the center. 


; ; M ; — : 
SET Up: The density of the sphere is p = aap where M is the mass of the sphere and R is its radius. The mass 


4 
3T 


3 
or ; ; M . : 
inside a volume of radius r < Ris M, = pV, = ine Jew) = u{ =) . r=5.01 mis outside the sphere and 
$r 


3 
r =2.50 mis inside the sphere. 


GMm (1000.0 kg)(2.00 kg) 


EXECUTE: (a)(i) F, =—— =(6.67x10 `" N -m’/kg? =5.31x10° N. 
(a) @) F, 2 ( g`) (5.01 m) 
GM'm ry 2.50 m) 

ii) F, = . M'=M|—| =(1000.0 k =125kg. 

a eee (z) ( 025 m) 4 

F, =(6.67x10"! N-m?/kg?) 029 KBC 00 ke) _ 9 67.109 N. 

: (2.50 m) 

GMm 


3 
CUAN = ( a for r >R . The graph of F, versus r is sketched in 


(b) F = 2 T Jr for r < R and F, = 2 
Figure 12.39. 
EVALUATE: At points outside the sphere the force on a point mass is the same as for a shell of the same mass and 


radius. For r < R the force is different in the two cases of uniform sphere versus hollow shell. 
F 


E 


fi r 
5.00 m 


Figure 12.39 


mm, 


IDENTIFY: The gravitational potential energy of a point of point masses is U = -G . Divide the rod into 


5 
infinitesimal pieces and integrate to find U. 

SET Up: Divide the rod into differential masses dm at position /, measured from the right end of the rod. 
dm = dl(MIL) . 


EXECUTE: (a) U = Gm dm _ GmM dl 


l+x L [+x 
1 M L ; ; 
Integrating, U GmM Í au = om bf: } } For x >> L , the natural logarithm is ~(L/x) , and 
L “0J4+x L x 


U>—-GmM/x. 
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12.41. 


12.42. 


12.43. 


OU _GmM (-Lix*) _ | GmM 
ax L G+ (x? + Lx)’ 


the minus sign indicating an attractive force. As x >> L , the denominator in the above expression approaches x°, 


with 


(b) The x-component of the gravitational force on the sphere is F_ = 


and F, > —GmM/x’ , as expected. 
EVALUATE: When x is much larger than L the rod can be treated as a point mass, and our results for U and F, do 


reduce to the correct expression when x >> L. 

IDENTIFY: Find the potential due to a small segment of the ring and integrate over the entire ring to find the 
total U. 

(a) SET UP: 


Divide the ring up into small 
segments dM, as indicated in 
Figure 12.41. 


dM 
Figure 12.41 


EXECUTE: The gravitational potential energy of dM and m is dU =—GmdMI/r. 
The total gravitational potential energy of the ring and particle is U = fau = -Gm | aMīr. 


But r=Vx° +a’ is the same for all segments of the ring, so 

U=- Om fam = GmM _ GmM 

(b) EVALUATE: When x>>a, Vx’ +a > Vx =x and U =—GmM/x. This is the gravitational potential 
energy of two point masses separated by a distance x. This is the expected result. 

(c) IDENTIFY and SETUP: Use F, =—dU/dx with U(x) from part (a) to calculate F.. 


GmM 
Veta 


F.=+GmM Lo +a)" = GM (5O +a’) *”) 
X 


EXECUTE: F= = 
i dx dx 


F, =—GmMx/ (x? + a’)? >; the minus sign means the force is attractive. 

EVALUATE: (d) For x>>a, (x +a’)? > (PY? =x? 

Then F, =—GmMx/x’ = -GmMlx’. This is the force between two point masses separated by a distance x and is the 
expected result. 

(e) For x =0, U =—GMm/a. Each small segment of the ring is the same distance from the center and the potential 
is the same as that due to a point charge of mass M located at a distance a. 

For x=0, F.=0. When the particle is at the center of the ring, symmetrically placed segments of the ring exert 


equal and opposite forces and the total force exerted by the ring is zero. 
2 
j ; . v : , 
IDENTIFY: At the equator the object has inward acceleration — and the reading w of the balance is related to the 
E 
2 


true weight w, (the gravitational force exerted by the earth) by w, -w = 7 . At the North Pole, aa =0 and 


E 
w= w. 
SETUP: As shown in Section 12.7, v=465 m/s. R, =6.38x10° m. 


2 46 2 
EXECUTE: w, =875 Nand m=} =89.29 kg. w= w, - Ż— =875 N - (89.29 p en = 

g Rg 6.38x10° m 
EVALUATE: The rotation of the earth causes the scale reading to be slightly less than the true weight, since there 
must be a net inward force on the object. 


IDENTIFY and SET UP: Ate the north pole, F, = w, =mg,, where g, is given by Eq.(12.4) applied to Neptune. 


872 N 


At the equator, the apparent weight is given by Eq.(12.28). The orbital speed v is obtained from the rotational 
period using Eq.(12.12). 
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12.44. 


12.45. 


12.46. 


12.47. 


EXECUTE: (a) g, =Gm/R* =(6.673x10"'' N-m*/kg’)(1.0x 10 kg)/(2.5x10’ m)? =10.7 m/s”. This agrees with 
the value of g given in the problem. 
F = w, = mg, =(5.0 kg)(10.7 m/s”) =53 N; this is the true weight of the object. 


(b) From Eq.(23.28), w = w, —mv’/R 
2ar . 2nr 2a(2.5x10" m) 
T =—— gives v= = 
v T (16 h)(3600 s/1 h) 
v’/R = (2.727 x10° s)°/2.5x10" m =0.297 m/s” 
Then w=53 N—(5.0 kg)(0.297 m/s’) = 52 N. 


EVALUATE: The apparent weight is less than the true weight. This effect is larger on Neptune than on earth. 
2GM 


2 
Cc 


=2.727x10° m/s 


IDENTIFY: The radius of a black hole and its mass are related by R, = 


SETUP: R, =0.50x10™" m, G=6.67x10"' N-m’/kg’ and c =3.00x10* m/s. 
cR, _ (3.00x10* m/s)? (0.50x10™ m) 


EXECUTE: M= — — =3.4x10"' kg 
2G 2(6.67 x10" N-m*/kg*) 
EVALUATE: The average density of the black hole would be 
H 
p= M z= 34x10 kg 3 =6.49x10° kg/m’. We can combine p = zand R BLL give 
zR 4+2(0.50x10-° m) taR c 
6 
p= zar . The average density of a black hole increases when its mass decreases. The average density 
T 


of this mini black hole is much greater than the average density of the much more massive black hole in 
Example 12.11. 
IDENTIFY and SET UP: A black hole with the earth’s mass M has the Schwarzschild radius R, given by 


Eq.(12.30). 
EXECUTE: R, = 2GM/c? = 2(6.673x10"'' N-m’/kg’)(5.97 x10% kg)/(2.998 x 10° m/s)’ =8.865x107° m 
The ratio of R, to the current radius R is R/R =8.865x10° m/6.38x10° m= 1.39x10”. 


EVALUATE: A black hole with the earth’s radius is very small. 
IDENTIFY: Apply Eq.(12.1) to calculate the gravitational force. For a black hole, the mass M and Schwarzschild 
radius R, are related by Eq.(12.30). 


SET Up: The speed of light is c =3.00x10* m/s. 
GMm _ (R,c’/2) _mce°R, 
r r 2r 
(5.00 kg)(3.00%10* m/s} (1.4x10?m) 
t 2(3.00%10° m) 


EXECUTE: (a) 


=350 N. 


2 (14.00x10° m) (3.00x10* m/s) 
(© Solving Eq.(12.30) for M, M =“S¢ | )( — 
2G 2(6.673x10"'' N-m*/kg’) 


EVALUATE: The mass of the black hole is about twice the mass of the earth. 


=9.44x10™ kg. 


M . The mass M of a 
7 


IDENTIFY: The orbital speed for an object a distance r from an object of mass M is v = 


black hole and its Schwarzschild radius R, are related by Eq.(12.30). 
SETUP: c=3.00x10° m/s. lly =9.461x10" m. 
EXECUTE: (a) 

Rv? (75 ly)(9.461x10"° m/ly)(200%10° m/s) 


M=——= =4.3x10" kg =2.1x10" Mg. 
G (6.673x10" N-m*/kg’) £ s 
(b) No, the object has a mass very much greater than 50 solar masses. 
2GM _ 2vr 


(©) R =—— =—— = 6.3210" m, which does fit. 
c c 
EVALUATE: The Schwarzschild radius of a black hole is approximately the same as the radius of Mercury's orbit 


around the sun. 
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12.48. 


12.49. 


12.50. 


; ; ; : i 2 
IDENTIFY: The clumps orbit the black hole. Their speed, orbit radius and orbital period are related by v = = . 


Qar3”? 


VGM 


. The radius of the black 


Their orbit radius and period are related to the mass M of the black hole by T = 


2GM 


hole's event horizon is related to the mass of the black hole by R, =— 
c 


SETUP: v=3.00x10" m/s. T =27 h=9.72x10* s. c =3.00x10° m/s. 
vT _ (3.00x10’ m/s)(9.72 x10* s) 


EXECUTE: (a) r= =4.64x10'' m. 
2m 2m 
3/2 253. 2 11 3 
MiZ pan i = Ste EEN E a keg 
VGM GT? (6.6710 N-m/kg’)(9.72x10° s) 
= 2 2 36 
(o R, -20M _2(6.67x10™ N-m°è/kg?X(6.26x10" KB) _ 9 99,10? m 


e (3.00 x 10° m/s)? 


EVALUATE: The black hole has a mass that is about 3x 10° solar masses. 
IDENTIFY: Use Eq.(12.1) to find each gravitational force. Each force is attractive. In part (b) apply conservation 
of energy. 
SET Up: Fora pair of masses m,and m, with separation r, U = eo ; 
EXECUTE: (a) From symmetry, the net gravitational force will be in the direction 45° from the x-axis (bisecting 
the x and y axes), with magnitude 

(2.0kg) |, (1.0 kg) 
(2(0.50 m)?) “(0.50 m)? 
(b) The initial displacement is so large that the initial potential may be taken to be zero. From the work-energy 
(2.0kg) | 2 (1.0 kg) 


J2 (0.50m) (0.50 m) 


numerical values gives v =3.02x10° m/s. 

EVALUATE: The result in part (b) is independent of the mass of the particle. It would take the particle a long time 
to reach point P. 

IDENTIFY: Use Eq.(12.1) to calculate each gravitational force and add the forces as vectors. 

(a) SETUP: The locations of the masses are sketched in Figure 12.50a. 


F =(6.673x10'N-m?/kg”)(0.0150 =| sin is =9.67x10 N 


theorem, Jm? = Gn) | . Canceling the factor of m and solving for v, and using the 


Section 12.6 proves that any two spherically 


w . . 
55.00m symmetric masses interact as though they 
3.00 m se were point masses with all the mass 
gy concentrated at their centers. 


m, 4.00 m 
Figure 12.50a 


The force diagram for m, is given in Figure 12.50b 


m 
cos 8 = 0.800 
sin 8 = 0.600 


m f: mMm, 
1 F l 3 


Figure 12.50b 


-11 2 2 
Execure: F =0” = (6.673x10™! N-m2/kg X60.0 kg)(0.500 kg) L] 351x10" N 
r}, (4.00 m) 
-11 2 2 
pog". (6.673x10™! N -m?/kg X80.0 kg)(0.500 kg) i 068x10 N 
ry (5.00 m) 


F,, =-1251x10 N, F,=0 
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12.51. 


12.52. 


F,, = —F, cos 8 =—(1.068 x10™ N)(0.800) =-8.544x 107! N 
F,, = +F, sin 0 = +(1.068 x10"? N)(0.600) = +6.408x 107" N 
F. =F +F, =-1.251x10° N -8.544x10™ N =-2.105x10 N 
F, =F, +F,, =0+6.408x10™ N =+6.408x10™" N 
F and its components are sketched in Figure 12.50c. 
y F=,|/F? +F? 
F = |(=2.105x10 ° Ny + (+6.408x10™ N)? 
F =2.20x10™" N 


F,  +6.408x10™" N 
tan? =— = i 
F. -2.105x10" N 


; 0=163° 


Figure 12.50c 


EVALUATE: Both spheres attract the third sphere and the net force is in the second quadrant. 

(b) SETUP: For the net force to be zero the forces from the two spheres must be equal in magnitude and opposite 
in direction. For the forces on it to be opposite in direction the third sphere must be on the y-axis and between the 
other two spheres. The forces on the third sphere are shown in Figure 12.50d. 


EXECUTE: F.,,=0 if A =F, 


mm, _ mm, 
y (3.00 m- y}? 
60.0 80.0 


y?  (8.00m-y? 


Figure 12.50d 


80.0 = V60.0(3.00 m- y) 
(480.0 + V60.0)y = (3.00 m)V60.0 and y=1.39 m 


Thus the sphere would have to be placed at the point x=0, y =1.39 m 


EVALUATE: For the forces to have the same magnitude the third sphere must be closer to the sphere that has 
smaller mass. 

IDENTIFY: 7t=Frsing. The net torque is the sum of the torques due to each force. 

SET Up: From Example 12.3, using Newton's third law, the forces of the small star on each large star are 

F, =6.67x10" Nand F, =1.33x10* N . Let counterclockwise torques be positive. 

EXECUTE: (a) The direction from the origin to the point midway between the two large stars is 


arctan(&100 m) =26.6°, which is not the angle (14.6°) found in the example. 


(b) The common lever arm is 0.100 m, and the force on the upper mass is at an angle of 

45° from the lever arm. The net torque is 7 = +F, (1.00 x10° m)sin 45° — F, (1.00 x10° m) =-8.58x10" N-m, 
with the minus sign indicating a clockwise torque. 

EVALUATE: (c) There can be no net torque due to gravitational fields with respect to the center of gravity, and so 
the center of gravity in this case is not at the center of mass. For the center of gravity to be the same point as the 
center of mass, the gravity force on each mass must be proportional to the mass, with the same constant of 
proportionality, and that is not the case here. 

IDENTIFY: The gravity force for each pair of objects is given by Eq.(12.1). The work done is W =—AU . 
SETUP: The simplest way to approach this problem is to find the force between the spacecraft and the center of 
mass of the earth-moon system, which is 4.67 x10% m from the center of the earth. The distance from the 


spacecraft to the center of mass of the earth-moon system is 3.82 x10°m (Figure 12.52). m; = 5.97 x10” kg, 
My =7.35x10” kg. 
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12.53. 


12.54. 


EXECUTE: (a) Using the Law of Gravitation, the force on the spacecraft is 3.4 N, an angle of 0.61° from the 
earth-spacecraft line. 


(b) U= aq. is. U, =0 and 7, =3.84x10* m for the spacecraft and the earth, and the spacecraft and the moon. 
r 


_ 6.67310" N-m?*/kg’)(5.97 x10" kg +7.35x10” kg)(1250 kg) E 


W =U, -U, =+GMm 1.31x10° J. 


ii 3.84x10° m 


Spacecraft 


3.33 X 108m 


1.87 X 108m 


1.92 x 108m 


Earth c.m. Moon 


Figure 12.52 
IDENTIFY: Apply conservation of energy and conservation of linear momentum to the motion of the two spheres. 
SETUP: Denote the 25-kg sphere by a subscript 1 and the 100-kg sphere by a subscript 2. 
EXECUTE: (a) Linear momentum is conserved because we are ignoring all other forces, that is, the net external 
force on the system is zero. Hence, mv, = m,v, 


(b) From the work-energy theorem in the form K; +U; =K, +U, , with the initial kinetic energy K; =0 and 
b yd f ; s 
-gh , Gmm, -+ = (mè + m,v3) . Using the conservation of momentum relation m,v, = m,v, to 
r| 2 


an ; Soon aaea Mtoe eld 2Gm; |1 1 , PAR : 
eliminate v, in favor of v, and simplifying yields v? = 2 | —-—— |, with a similar expression for v, . 
m+m |n 7; 


i 


Substitution of numerical values gives v, =1.63x10° m/s, v, =4.08x10° m/s. The magnitude of the relative 


velocity is the sum of the speeds, 2.04x10~ m/s. 
(c) The distance the centers of the spheres travel (x, and x,) is proportional to their acceleration, and 


a m 5 ; 
L= =—2, orx, =4x,. When the spheres finally make contact, their centers will be a distance of 
X 


2 $ 


2r apart, or x, +x, +2r =40 m, orx,+4x,+2r=40m. Thus, x, =8 m-0.4r, and x,=32 m—1.6r. The point of 

contact of the surfaces is 32 m — 0.6r =31.9 m from the initial position of the center of the 25.0 kg sphere. 

EVALUATE: The result x,/x, =4 can also be obtained from the conservation of momentum result that 4 ; 
vy Mi 

at every point in the motion. 

IDENTIFY: Apply Eq.(12.12). 

SETUP: m, =5.97x10™ kg 


2 
EXECUTE: Solving Eq. (12.14) for R, R? = Gm, (Z , 


(27.3 d)(86,400 s/d) 
2a 


2 
R =(6.673x10"'' N-m’/kg’)(5.97 x10” kg) í ) =5.614x10” m’, 


from which r =3.83x10° m. 
EVALUATE: The result we calculated is in very good agreement with the orbit radius given in Appendix F. 
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12.55. 


12.56. 


12.57. 


12.58. 


IDENTIFY and SET UP: (a) To stay above the same point on the surface of the earth the orbital period of the 
satellite must equal the orbital period of the earth: 


T =1 d(24 b/1 d)(3600 s/1 h) =8.64x10* s 
Eq.(12.14) gives the relation between the orbit radius and the period: 
3/2 243: 
2ar and T? = 4r'r 
4/ GM; Gm, 
{Gm  _ ((8.64x10* )°(6.673 x10"! N -m?/kg?)(5.97 x10” kg) 
An? An? 
This is the radius of the orbit; it is related to the height A above the earth’s surface and the radius R, of the earth 
by r=h+R,. Thus h=r—-R, =4.23x10' m—6.38x10° m=3.59x10' m. 


EVALUATE: The orbital speed of the geosynchronous satellite is 271r/T =3080 m/s. The altitude is much larger 


and the speed is much less than for the satellite in Example 12.6. 
(b) Consider Figure 12.55. 


EXECUTE: T= 


1/3 
) =4.23x10’ m 


a Rer 6.38x10° m 
r 423x10 m 


Figure 12.55 


A line from the satellite is tangent to a point on the earth that is at an angle of 81.3° above the equator. The sketch 
shows that points at higher latitudes are blocked by the earth from viewing the satellite. 

IDENTIFY: Apply Eq.(12.12) to relate the orbital period Tand M, , the planet's mass, and then use Eq.(12.2) 
applied to the planet to calculate the astronaut's weight. 

SETUP: The radius of the orbit of the lander is 5.75x10° m+4.80x10° m. 


4nr 


EXECUTE: From Eq.(12.14), T? = and 


P 
Amr 4n°(5.75x10° m+4.80x10° m)’ 
GT? (6.67310! N-m’*/kg”)(5.8x10° s)? 
or about half the earth's mass. Now we can find the astronaut’s weight on the surface from Eq.(12.2). (The landing 
on the north pole removes any need to account for centripetal acceleration.) 


_ GMym, _ (6.67310 N-m/kg? )(2.73110™ kg)(85.6 kg) 


2 


i (4.80x10° m)? 
EVALUATE: At the surface of the earth the weight of the astronaut would be 839 N. 


M =2.731x10™ kg, 


P 


=677N. 


Ww 


IDENTIFY: From Example 12.5, the escape speed is v = Pee. . Use p =M /V to write this expression in terms 
of p. 
SETUP: Fora sphere V =47R’. 


EXECUTE: In terms of the density p, the ratio M/R is (47/3) pR’, and so the escape speed is 


v= [szn)(6.673x10" N-m’/kg?)(2500 kg/m?)(150x10° m}? =177 m/s. 


EVALUATE: This is much less than the escape speed for the earth, 11,200 m/s. 


: 2GM eae es tt 
IDENTIFY: From Example 12.5, the escape speed is v = a . Use p =M /V to write this expression in terms 


of p. On earth, the height / you can jump is related to your jump speed by v=./2gh For part (b), apply Eq.(12.4) 
to Europa. 
SETUP: Fora sphere V =47R° 
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rare 82GpR* 
EXECUTE: p=M/(>7R°), so the escape speed can be written as v = a Equating the two expressions 
i ; 8m 5 2 3 gh ae 
for v and squaring gives 2gh = POR , or R = RE where g =9.80 m/s“ is for the surface of the earth, not 
mp 
the asteroid. Estimate h =1 m (variable for different people, of course), R =3.7 km. For Europa, 
M  4rpR 3 3(1.33 m/s? 
pel Ake as 3033 mis) 3.0310 kgin?. 
R 3 4ztRG 4a(1.57x10° m)(6.673 x10 N-m*/kg*) 
EVALUATE: The earth has average density 5500 kg/m’ . The average density of Europa is about half that of the 
earth but a little larger than the average density of most asteroids. 

12.59. IDENTIFY and SET UP: The observed period allows you to calculate the angular velocity of the satellite relative 
to you. You know your angular velocity as you rotate with the earth, so you can find the angular velocity of the 
satellite in a space-fixed reference frame. v=rq@ gives the orbital speed of the satellite and Newton’s second law 
relates this to the orbit radius of the satellite. 

EXECUTE: (a) The satellite is revolving west to east, in the same direction the earth is rotating. If the angular 
speed of the satellite is œ and the angular speed of the earth is w,, the angular speed @,, of the satellite relative 
to you is Op = @, — Op- 
O = (1 rev)/(12 h) = ($) rew/h 
@; = (4) rev/h 
O, =O + @; = (4) rev/h = 2.18x10~ rad/s 
2 
S F =mai says Cae =m-— 
v= om and with v=rq this gives r° = Gms ; r=2.03x10’ m 
r w 
This is the radius of the satellite’s orbit. Its height h above the surface of the earth is h =r — R, =1.39x10" m. 
EVALUATE: In part (a) the satellite is revolving faster than the earth’s rotation and in part (b) it is revolving 
slower. Slower v and @ means larger orbit radius r. 
(b) Now the satellite is revolving opposite to the rotation of the earth. If west to east is positive, then 
Oye = (5) rew/h 
O, = We + @; = (74) rev/h = -7.27 «10° rad/s 
3 Gm, .. 7 p 
r=— gives r=4.22x10' m and h=3.59x10' m 
w 
12.60. IDENTIFY: Apply the law of gravitation to the astronaut at the north pole to calculate the mass of planet . Then 


ERAR , 47°R : 
apply iF =ma to the astronaut, with apa = =e , toward the center of the planet, to calculate the period T. 


Apply Eq.(12.12) to the satellite in order to calculate its orbital period. 
SET Up: Get radius of X: 1(27R) =18,850 kmand R =1.20x10" m . Astronaut mass: 


m=2=—943N__962 kg. 


g 9.80 m/s? 
2 7 2: 
Execure: Mx =w, where w=915.0N. M, = 8% -__O'S NA 20x10 m) 9.095 x10 kg 
R Gm  (6.67x107 N-m’/kg*)(96.2 kg) 
Apply Newton’s second law to astronaut on a scale at the equator of X. Fay Fale = Maaa > SO 
47°mR 47° (96.2 kg)(1.20x10" m) 


nae ae 915.0 N -850.0 N= 


grav * scale pA 
T 


and T =2.65x10fs ‘mn =7.36h. 
3600 s 


=8.90x10° s = 2.47 hours . 


eT ee = i | 47°(1.20x10" m+2.0x10° m} 


Gm, (6.67 x10"'' N-m’/kg”)(2.05 x10” kg) 
915.0N 
96.2 kg 


value on earth. The radius of the planet is about twice that of earth. The planet rotates more rapidly than earth and 
the length of a day is about one-third what it is on earth. 


=9.51 m/s’, similar to the 


EVALUATE: The acceleration of gravity at the surface of the planet is g, = 
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12.61. 


12.62. 


12.63. 


12.64. 


My 
2 
E 


SETUP: R, =6.38x10° m 


IDENTIFY: Use g= 2 


and follow the procedure specified in the problem. 


EXECUTE: The fractional error is 1 mah zje (R; +h)(R,)- 

Gmm, (1/ R; -1/(R; +h)) Gm, 
Using Eq.(12.4) for g the fractional difference is 1— (R, +h)/R, =—h/R,, so if the fractional difference is -1%. 
h=(0.01)R, =6.4x10* m. 
EVALUATE: For h=1 km, the fractional error is only 0.016%. Eq.(7.2) is very accurate for the motion of objects 
near the earth's surface. 
IDENTIFY: Use the measurements of the motion of the rock to calculate g,, , the value of g on Mongo. Then use 


: : 2 
this to calculate the mass of Mongo. For the ship, F, = ma,,, and T = a, 
v 
SETUP: Take +y upward. When the stone returns to the ground its velocity is 12.0 m/s, downward. gy, = Ge ; 
M 


8 
The radius of Mongo is Ry =< =="? m 
2m 2m 


r=3.18x10" m+3.00x10’ m=6.18x10" m. 
EXECUTE: (a) v, =+12.0 m/s, v, =-12.0 m/s , a, =-gy and ¢=8.00s. v, =v, +a,¢ gives 


_ 712.0 m/s —12.0 m/s and oe Oe 


=3.18x10’ m. The ship moves in an orbit of radius 


V, = Voy 
t 8.00 s 
© gu R? _ (8.00 m/s?)3.18x107 m)? 
M G@ —— 6.673x10™ N-m?’/kg’ 


2: 

m,m v 
~“—=m— and v= 
r r r 


_2ar ar? 27(6.18x10’ m)*” 


P 
T=——=2ar G = G = =I 2A, .2 25 
v \ My mi My (6.673 x10 N-m/*/kg)(4.55 x10” kg) 
T =5.54x10* s=15.4h 


Eu = 


=4.55x10" kg 


(b) F,=ma,,, gives G aT 


6 ; ; 

EVALUATE: Ryu =5.0R, and myu =7.6mM;, SO gy, = saree =0.30g, , which agrees with the value calculated 
in part (a). 
IDENTIFY and SET UP: Use Eq.(12.2) to calculate the gravity force at each location. For the top of Mount Everest 
write r=h+R, and use the fact that h << R, to obtain an expression for the difference in the two forces. 
mmg 

a 

E 


EXECUTE: At Sacramento, the gravity force on you is F =G 


At the top of Mount Everest, a height of h = 8800 m above seal level, the gravity force on you is 
F,=G Tte 2G Coa ss - 
(R +h) Rg (1+A/R;) 


E 2h 2h 
(L+h/R;)”? sle T F, =r (1-2) 


E E 


E-F, 2h 02g% 
F 


1 E 

EVALUATE: The change in the gravitational force is very small, so for objects near the surface of the earth it is a 
good approximation to treat it as a constant. 

IDENTIFY: Apply Eq.(12.9) to the particle-earth and particle-moon systems. 

SETUP: When the particle is a distance r from the center of the earth, it is a distance R,,, —7 from the center of 


the moon. 
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EXECUTE: (a) The total gravitational potential energy in this model is U = Gn” pn l : 
y 


r R 


Ren 8 
— = = 3.46x10" m. 
1+,/m,,/m, 

Using this value for r in the expression in part (a) and the work-energy theorem, including the initial potential 
energy of —Gm(m,/R,, +my/(Rey —Rg)) gives 11.1 km/s. 


(b) See Exercise 12.5. The point where the net gravitational force vanishes is r = 


(c) The final distance from the earth is not R,, , but the Earth-moon distance minus the radius of the moon, or 


3.823 x10* m. From the work-energy theorem, the rocket impacts the moon with a speed of 2.9 km/s. 

EVALUATE: The spacecraft has a greater gravitational potential energy at the surface of the moon than at the 

surface of the earth, so it reaches the surface of the moon with a speed that is less than its launch speed on earth. 
12.65. IDENTIFY and SETUP: First use the radius of the orbit to find the initial orbital speed, from Eq.(12.10) applied to 

the moon. 


EXECUTE: v=VGm/r and r=R,+h=1.74x10° m+50.0x10° m=1.79x10° m 


eti pA 2 D 

Thus pae N-m*/kg*)(7.35%10" kg) 
1.79x10° m 

After the speed decreases by 20.0 m/s it becomes 1.655x10° m/s — 20.0 m/s = 1.635 x10°m/s. 


IDENTIFY and SET UP: Use conservation of energy to find the speed when the spacecraft reaches the lunar 
surface. 


K,+U,+W. 


other 


=1.655x10° m/s 


=K,+U, 
Gravity is the only force that does work so W ne =0 and K, =K, +U, -U, 
EXECUTE: U,=-Gm,m/r; U,=—-Gm,m/R,, 


tmv; =4mv, + Gmm,,(UR,, -1/r) 


And the mass m divides out to give v, = J? + 2Gm,,(I/R,, —1/r) 


v, = 1.682 x 10° m/s(1 km/1000 m)(3600 s/1 h) = 6060 km/h 


EVALUATE: After the thruster fires the spacecraft is moving too slowly to be in a stable orbit; the gravitational 
force is larger than what is needed to maintain a circular orbit. The spacecraft gains energy as it is accelerated 
toward the surface. 


APMP 4n°R 
12.66. IDENTIFY: g =0 means the apparent weight is zero, so a,,; =9.80 m/s”. ana = 


SET Up: The radius of the earth is R, = 6.38x10° m. 
EXECUTE: 7=27 pa =5.07x10° s, which is 84.5 min, or about an hour and a half. 
Drag 


EVALUATE: At the poles, g would still be 9.80 m/s’ . 
12.67. IDENTIFY and SET UP: Apply conservation of energy. Must use Eq.(12.9) for the gravitational potential energy 
since A is not small compared to R,- 
ee Oh eat 
As indicated in Figure 12.67, 
take point 1 to be where the 
hammer is released and point 2 
to be just above the surface of 
the earth, so 7 =R, +h and 


r= Ry 
Figure 12.67 
EXECUTE: K +U +W ine =K +U, 
Only gravity does work, so W,.,., =O. 
K, =0, K, =}mv; 
pe gimme _ Gmm; U, = gimme _ Gmm, 
7, h+R, n R, 
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12.68. 


12.69. 


12.70. 


Thus, -G= = Lie ga 
h+R, 2 Rg 
vi =2Gm, 1 1 _ 2Gm, (Lie S= 2Gm,h 
R, R,+h) RR, +A) R,(R, +h) 


2Gm,h 
v, = | 
R, (Re +A) 
EVALUATE: If ho, v, >./2Gm,/R,, which equals the escape speed. In this limit this event is the reverse of an 


object being projected upward from the surface with the escape speed. If h« Rp, then v, =,/2Gm,h/R, =./2gh, the 
same result if used Eq.(7.2) for U. 


IDENTIFY: In orbit the total mechanical energy of the satellite is E = su .U=-G=" w =E,-E,. 
a r 
SETUP: U—>0as ro. 
; hrs : —GmM,, : 
EXECUTE: (a) The energy the satellite has as it sits on the surface of the Earth is E, = ————. The energy it has 
E 
owes À —GmM ,, ag a : 
when it is in orbit at a radius R= R, is E, = ya The work needed to put it in orbit is the difference between 
E 
M 
these: W = E, - E, = Mi i 
2R; 


(b) The total energy of the satellite far away from the Earth is zero, so the additional work needed is 
0 —GmM ,, Ss GmM ,, 

2R; 2R 
EVALUATE: (c) The work needed to put the satellite into orbit was the same as the work needed to put the 


satellite from orbit to the edge of the universe. 
IDENTIFY: At the escape speed, E =K +U =0. 


SETUP: At the surface of the earth the satellite is a distance R, = 6.38x10° m from the center of the earth and a 


E 


distance Rs =1.50x 10'' m from the sun. The orbital speed of the earth is is , where T =3.156x10" s is the 


‘ . 22R 
orbital period. The speed of a point on the surface of the earth at an angle ¢ from the equator is v = ee ; 


where T = 86,400 s is the rotational period of the earth. 


mMm, 


EXECUTE: (a) The escape speed will be v = zo| tes | =4,35x10* m/s. Making the simplifying 
E ES 
assumption that the direction of launch is the direction of the earth’s motion in its orbit, the speed relative to the 
11 
center of the earth is ja oes =4.35x10* m/s aD) - m) 
T (3.156x10's) 
27(6.38x10° m) cos 28.5° 


86,400 s 


=1.37x10* m/s. 


(b) The rotational speed at Cape Canaveral is =4.09x10° m/s, so the speed relative to 


the surface of the earth is 1.33x10* m/s. 

(c) In French Guiana, the rotational speed is 4.63 x10° m/s, so the speed relative to the surface of the earth is 
1.32104 m/s. 

EVALUATE: The orbital speed of the earth is a large fraction of the escape speed, but the rotational speed of a 
point on the surface of the earth is much less. 

IDENTIFY: From the discussion of Section 12.6, the force on a point mass at a distance r from the center of a 
spherically symmetric mass distribution is the same as though we removed all the mass at points farther than r 
from the center and concentrated all the remaining mass at the center. 


SET Up: The mass M ofa hollow sphere of density p , inner radius R, and outer radius R, is M = p4z(R} — R?) . 


From Figure 12.9 in the textbook, the inner core has outer radius 1.2 x 10° m, inner radius zero and density 
1.3x10* kg/m’ . The outer core has inner radius 1.2 x10° m , outer radius 3.6x10° m and density 1.1x10* kg/m’. 


The total mass of the earth is m, =5.97x10™ kg and its radius is R, =6.38x10° m. 
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EXECUTE: (a) F, = oo = mg = (10.0 kg)(9.80 m/s?) =98.0 N . 
E 
inner = Pinner Z A(R; — RF) = (1.3 x10* kg/m*)47(1.2x10° my =9.4x 10” kg . The 
=(1.1x10* kg/m*)47((3.6x10° m? —[1.2x10° m) =2.1x10™ kg . Only the inner 
(9.4x10” kg +2.1x10™ kg)(10.0 kg) 
(3.6x10° m}? 
(9.4x10” kg)(10.0 kg) 
(1.2x10° m}? 


(b) The mass of the inner core is m, 


mass of the outer core is m 


outer 


=110N. 


and outer cores contribute to the force. F, =(6.67x10 '' N-m’/kg”) 


(c) Only the inner core contributes to the force and F, = (6.67 x10™ N-m*/kg”) =44N. 


(d) At r=0, F,=0. 
EVALUATE: In this model the earth is spherically symmetric but not uniform, so the result of Example 12.10 
doesn't apply. In particular, the force at the surface of the outer core is greater than the force at the surface of the 
earth. 

12.71. IDENTIFY: Eq.(12.12) relates orbital period and orbital radius for a circular orbit. 


SETUP: The mass of the sun is M =1.99x10” kg. 


2ra’ 


EXECUTE: (a) The period of the asteroid is T = . Inserting 3x10" m for a gives 2.84 y and 5x10" m 


gives a period of 6.11 y. 

(b) If the period is 5.93 y, then a =4.90x10''m. 

(c) This happens because 0.4 = 2/5, another ratio of integers. So once every 5 orbits of the asteroid and 2 orbits of 
Jupiter, the asteroid is at its perijove distance. Solving when T = 4.74 y, a=4.22x10"' m. 


EVALUATE: The orbit radius for Jupiter is 7.78 x10'' mand for Mars it is 2.21x10'' m . The asteroid belt lies 
between Mars and Jupiter. The mass of Jupiter is about 3000 times that of Mars, so the effect of Jupiter on the 
asteroids is much larger. 

12.72. IDENTIFY: Apply the work-energy relation in the form W = AE , where E =K +U . The speed v is related to the 
orbit radius by Eq.(12.10). 
SETUP: m, =5.97x10™ kg 
EXECUTE: (a) In moving to a lower orbit by whatever means, gravity does positive work, and so the speed does increase. 


(b) v=(Gm,) r"? , so av= (0m) -=)> -(£) Gm, 
: 


decrease in radius. Similarly, the kinetic energy is K =(1/2)mv? =(1/2)Gm,m/r , and so 


- Note that a positive Ar is given as a 


AK = (1/2)(Gm,m/r?) Ar and AU = —(Gm,mlr’) Ar. 
W =AU + AK =-(Gm,m/2r?) Ar 


(c) v=.{Gm,/r =7.72x10° m/s, \ Av =(Ar/2).JGm,/r? =28.9 m/s, E=—-Gm,m/2r =-8.95x10"° J (from Eq.(12.15)), 
AK = (Gm,m/2r?)(Ar) = 6.70 x10* J, AU =-2AK =-1.34x10° J , and W =-AK =-6.70x10* J. 


(d) As the term “burns up” suggests, the energy is converted to heat or is dissipated in the collisions of the debris 
with the ground. 
EVALUATE: When r decreases, K increases and U decreases (becomes more negative). 

12.73. IDENTIFY: Use Eq.(12.2) to calculate F,. Apply Newton’s 2nd law to circular motion of each star to find the 
orbital speed and period. Apply the conservation of energy expression, Eq.(7.13), to calculate the energy input 
(work) required to separate the two stars to infinity. 
(a) SETUP: The cm is midway between the two stars since they have equal masses. Let R be the orbit radius for 
each star, as sketched in Figure 12.73. 


es The two stars are separated by a distance 2R, 
M ee. M so F, =GM*/(2R)’ =GM*/4R? 


Figure 12.73 
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12.74. 


12.75. 


(b) EXECUTE: F, = ma,,, 
GM?/4R? = M(v"/R) so v=,/GM/4R 
And T =27R/v =22RV4R/GM = 42 R°/GM 


(c) SETUP: Apply K, +U, +W ne =K, +U, to the system of the two stars. Separate to infinity implies K, =0 


other 


and U, =0. 
EXECUTE: K,=4Mv’ +4Mv’ =2(4M)(GM/4R) =GM?/4R 
U, =-GM?/2R 


=-(K,+U,)=-(GM’/4R -GM?/2R) = GM’/4R. 

EVALUATE: The closer the stars are and the greater their mass, the larger their orbital speed, the shorter their 
orbital period and the greater the energy required to separate them. 

IDENTIFY: In the center of mass coordinate system, r.,,=0. Apply F = mä to each star, where F is the 


> “cm 


eee 4n°R 
gravitational force of one star on the other and a =a,,, = 7 


Thus the energy required is W, 


ther 


SETUP: v= Zak allows R to be calculated from v and T. 


IDENTIFY: (a) The radii R, and R, are measured with respect to the center of mass, and so M,R, =M,R,, and 

R/R, =M,/M,. 

(b) The forces on each star are equal in magnitude, so the product of the mass and the radial accelerations are 

47°M R, _ 47° M,R, 
2 T? 


2 


equal: . From the result of part (a), the numerators of these expressions are equal, and so the 


1 
denominators are equal, and the periods are the same. To find the period in the symmetric form desired, there are 
many possible routes. An elegant method, using a bit of hindsight, is to use the above expressions to relate the 


2 2 
periods to the force F, = TAM , so that equivalent expressions for the period are MT” = ese Cee CU and 
€ (R +R, G 
? ? : Pe 4r’ (R +R Y 2n(R, +R)? 
MT’ = easel Adding the expressions gives (M,+M,)T? = eu aE or T eee 
G G JGM, +M,) 


(c) First we must find the radii of each orbit given the speed and period data. In a circular orbit, 


3 
v= 2aR or R=Y Thus R = (39410 UE CUS) =6.78x10"° m and 
T 20 ° 27 
3 
R= Vente ments DSCNS. 2.26 x10'° m . Now find the sum of the masses . Use M,R, =M_,R,,, and 
m 
4m (R +R; aai 
the fact that R, =3R,(M,+M,)= PG , inserting the values of T, and the radii. This gives 


An’ (6.78 x10'°m + 2.26 x10" my 
5 [(137 d)(86,400 s/d)]°(6.673 x10"'' N-m*/kg”) 
M,=M_R,/R, =3M,, 4M, =3.12x10" kg , or M, =7.80x10” kg and M, =2.34x10" kg. 
(d) Let æ refer to the star and £ refer to the black hole. Use the relationships derived in parts (a) and (b): 
|M, +! TG 
An 
for Mand Tand R, gives R, =1.9x10° m, v, =4.4x10° km/s and for the black hole R,= 34x10° m, v, =77 km/s. 


EVALUATE: Since Tis the same, v is smaller when R is smaller. 
IDENTIFY and SET UP: Use conservation of energy, K, +U, +W, 


other 
=0. 


(M,+M,) .M,+M, =3.12x10” kg. Since 


R, =(M,/M ,)R, =(0.67/3.8)R, =(0.176)R, , R, +R, = 


. For Monocerotis, inserting the values 


=K,+U,. The gravity force exerted by the 
sun is the only force that does work on the comet, so Winer 
EXECUTE: K,=4mvy,, v,=2.0x10* m/s 

U, =-Gmgmlr,, n =2.5x10" m 

K, =4m; 


U, =-Gmgmlr,, r, =5.0x10° m 
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tmv? —Gmgmlr, = 4+mv; — Gir, 
vi =ve4 zan [ : Li 20m! =) 
Tye A nn 
v, =6.8x10* m/s 
EVALUATE: The comet has greater speed when it is closer to the sun. 
12.76. IDENTIFY: Apply conservation of energy. 
SETUP: Let m,, be the mass of Mars and M, be the mass of the sun. The subscripts a and p denote aphelion and 
perihelion. 
'M 1 1 
EXECUTE: l mv? CH Le Lmv? GM smy ,or v, =, |v; -2GM,| —-— | =2.650x10* m/s. 
2 r, 2 ; RET 
EVALUATE: We could instead use conservation of angular momentum. Note that at the extremes of distance 
(periheleion and aphelion), Mars’ velocity vector must be perpendicular to its radius vector, and so the magnitude 
of the angular momentum is L = mrv. Since L is constant, the product rv must be a constant, and so 
11 
v, =v, l- (2.198 x10* gy ee) =2.650x10* m/s . Mars has larger speed when it is closer to the sun. 
p r, (2.067x10 m) 
12.77. (a) IDENTIFY and SET UP: Use Eq.(12.17), applied to the satellites orbiting the earth rather than the sun. 
EXECUTE: Find the value of a for the elliptical orbit: 
2a=r, +r, =R; +h, +R, +h,, where h, and h, are the heights at apogee and perigee, respectively. 
a= R; +(h, +h,)/2 
a = 6.38 x10° m+ (400x10° m+4000x10° m)/2 =8.58x10° m 
3/2 6 3/2 
T= 2ra 27(8.58x10° m) 27.91x10° $ 
JGM;  [(6.6713x10™ N-m’/kg?)(5.97 x10” kg) 
(b) Conservation of angular momentum gives r,v, = 7V, 
V, _ r, _6.38x10° m+4.00x10° m ae 
v, 7, 6.38x10°m+4.00x10°m ` 
(c) Conservation of energy applied to apogee and perigee gives K, +U, =K, +U, 
tmv} —Gm,mlr, = +mv, —Gm,mIr, 
vp — V; = 2Gm,(I/r, —1/r,) = 2Gm, (r, —7,)/nr, 
But v, =1.532y,, so 1.347v2 =2Gm,(r, =r Jer, 
v, =5.51x10° m/s, v, =8.43x10° m/s 
(d) Need v so that E =0, where E =K +U. 
at perigee: tmv? -Gm,m/r, =0 
v, = 2Gm,/r, = (2(6.673 x10! N-m7/kg’)(5.97 x10” kg)/6.78 10° m =1.084 x10‘ m/s 
This means an increase of 1.084x10* m/s—8.43x10° m/s =2.41x10° m/s. 
at apogee: v, = /2Gm,/r, = \2(6.673 x10! N-m’/kg’)(5.97 x10” kg)/1.038x10’ m =8.761x10° m/s 
This means an increase of 8.761x10° m/s —5.51x10° m/s =3.25x10° m/s. 
EVALUATE:  Perigee is more efficient. At this point r is smaller so v is larger and the satellite has more kinetic 
energy and more total energy. 
12.78. IDENTIFY: g= a , where M and R are the mass and radius of the planet. 


SETUP: Let m, and R, be the mass and radius of Uranus and let g, be the acceleration due to gravity at its 


poles. The orbit radius of Miranda is r=h+R,, where h =1.04x10* m is the altitude of Miranda above the 


surface of Uranus. 
EXECUTE: (a) From the value of g at the poles, 


_ gy R2_ (11.1 m/s?) (2.556x10" m) 


= 1.0910" kg. 
” G (6.673 x107" N-m*/kg’) i 


m 
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12.79. 


12.80. 


12.81. 


(b) Gm,/r? = gy (Ry/r) = 0.432 m/s”. 
(c) Gm,,/Ry, =0.080 m/s”. 
EVALUATE: (d) No. Both the object and Miranda are in orbit together around Uranus, due to the gravitational 
force of Uranus. The object has additional force toward Miranda. 
IDENTIFY and SET UP: Apply conservation of energy (Eq.7.13) and solve for W ne: Only r=h+R, is given, so 
use Eq.(12.10) to relate r and v. 
EXECUTE: K +U, +W na =K +U, 
U, =-Gm,,m/r,, where m,, is the mass of Mars and 7, = Ry +, where R,, is the radius of Mars and 
h=2000x10° m 
23 

U, = -(6.673 x10"! N-m?/kg?) 642X10 kg)G000 ke) __» 380x10" J 

3.40 x10° m+2000x10° m 


U,=—-Gm,,m/r,, where r, is the new orbit radius. 
23 
U, =(6.673x10"" N-m?/kg’) O42 210 keG000 kg) _ 1 737 x10" J 
3.40 x10° m + 4000 x10° m 


For a circular orbit v = ,/Gmųu/r (Eq.(12.10), with the mass of Mars rather than the mass of the earth). 


Using this gives K =4mv* =4m(Gm,/r) =4Gm,m/r, so K =-+ 


K, =-4U, =+1.190x10" J and K, =-4U, =+8.685x10° J 
Then K,+U,+W. 


other 
Wna = (K, — K,) + (U, -U,) = (8.685 x10? J—1.190x10" J)+(-2.380x 10" J +1.737x10" J) 
W.,. =-3.215x10° J+6.430x10° J=3.22x10° J 


other 


=K, +U, gives 


EVALUATE: When the orbit radius increases the kinetic energy decreases and the gravitational potential energy 
increases. K =-U/2 so E =K +U =-U/2 and the total energy also increases (becomes less negative). Positive 
work must be done to increase the total energy of the satellite. 
IDENTIFY and SETUP: Use Eq.(12.17) to calculate a. T =30,000 y(3.156x10’ s/1 y) =9.468x10"' s 

2ra’? T= Ana’ 


JGam, Gm, 


Gm T’ i 
a-| s ) =1.4x10* m. 


EXECUTE: Eq.(12.17): T= 


4r’ 


EVALUATE: The average orbit radius of Pluto is 5.9x10° m (Appendix F); the semi-major axis for this comet is 
larger by a factor of 24. 
4.3 light years = 4.3 light years(9.461x10'° m/1 light year) = 4.1x10'° m 


The distance of Alpha Centauri is larger by a factor of 300. 
The orbit of the comet extends well past Pluto but is well within the distance to Alpha Centauri. 
IDENTIFY: Integrate dm = dV to find the mass of the planet. Outside the planet, the planet behaves like a point 


mass, so at the surface g =GM/R’. 

SET Up: A thin spherical shell with thickness dr has volume dV =4zrdr . The earth has radius 
R, =6.38x10° m. 

EXECUTE: Get M :M =] dm=] pdV =! p4rr’dr. The density is p = p, —br, where 


Pa =15.0x10° kg/m’ at the center and at the surface, p, =2.0x10° kg/m’, so b= Eo : 


4 4 - 1 
M =i (p —br) 4zr°dr = + Po mbR* = 3 PR Po pe ( P= =ar Ep +p, Jana M =5.71x10™ kg. 


GaR? (1p, + 
Then g=- -27 Ga P) araf Lo, 


RO R? 


3 3 
g =1(6.38x 10°m)(6.67 x10" N mtg?) 3 0*10° kom 


+2.0x10° kein . 


g =9.36 m/s’. 
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M M _ 3(5.71x10" k 
EVALUATE: The average density of the planet is p,, =— = y= (EN z 8) =5.25x10° kg/m’ . Note 
V 4nR° 42(6.38x10° m) 
that this is not (p, + p,)/2. 

12.82. IDENTIFY and SETUP: Use Eq.(12.1) to calculate the force between the point mass and a small segment of the 

semicircle. 
EXECUTE: The radius of the semicircle is R = L/z 
Divide the semicircle up into small segments of length R d0, as shown in Figure 12.82. 
y y 
Rd, 
dé 
0 
x x 
m 
Figure 12.82 

dM =(MIL)R d0=(M/z) d0 

dF is the gravity force on m exerted by dM 

far, =0; the y-components from the upper half of the semicircle cancel the y-components from the lower half. 
The x-components are all in the +x-direction and all add. 

dF =G 

dF, = ou sO = 7A cos dO 

z z, M 
F, = | ar, =Z [° cos0 do = T (2) 
-ajz ? -aj L 
F=- 22GmM 
tha 

EVALUATE: Ifthe semicircle were replaced by a point mass M at x= R, the gravity force would be 
GmMIR? = x°GmMIL’. This is 7/2 times larger than the force exerted by the semicirclar wire. For the semicircle 
it is the x-components that add, and the sum is less than if the force magnitudes were added. 

12.83. IDENTIFY: The direct calculation of the force that the sphere exerts on the ring is slightly more involved than the 
calculation of the force that the ring exerts on the sphere. These forces are equal in magnitude but opposite in 
direction, so it will suffice to do the latter calculation. By symmetry, the force on the sphere will be along the axis 
of the ring in Figure 12.35 in the textbook, toward the ring. 

SET Up: Divide the ring into infinitesimal elements with mass dM. 
; : IM 
EXECUTE: Each mass element dM of the ring exerts a force of magnitude koma. on the sphere, and the 
a +x 
x-component of this force is Cm 2 = Soe 
a +x? Ja +x? Ca a ae 
Therefore, the force on the sphere is GmMx/ (a + a , in the —x-direction. The sphere attracts the ring with a 
force of the same magnitude. 
EVALUATE: As x >> a the denominator approaches x° and F > ak , as expected. 
x 
12.84. IDENTIFY: Use Eq.(12.1) for the force between a small segment of the rod and the particle. Integrate over the 


length of the rod to find the total force. 


Gravitation 12-27 


12.85. 


12.86. 


SET Up: Use a coordinate system with the origin at the left-hand end of the rod and the x’-axis along the rod, as 
shown in Figure 12.84. Divide the rod into small segments of length dx’. (Use x’ for the coordinate so not to 


confuse with the distance x from the end of the rod to the particle.) 
y7 


b od L- x x 


j Pare oie ob 
Figure 12.84 
EXECUTE: The mass of each segment is dM =dx'(M/L). Each segment is a distance L —x'+x from mass m, so 
the force on the particle due to a segment is dF = om at y= oe zal 7 
(L-x'+x) L (L-x +x) 
LL dx' - aint 1 k) 
L /4(L-x'+xP L 5 
GMm/( 1 1 GMm(L+x-x)  GMm 
E L E oa)? L x(L+x) ~ x(L+x) 
EVALUATE: For x>>L this result become F =GMm/x’, the same as for a pair of point masses. 
IDENTIFY: Compare F, to Hooke’s law. 


SETUP: The earth has mass m, =5.97x10™ kg and radius R, =6.38x10° m. 


0 
F=f dF = 
L L-x'+x 


F 


EXECUTE: For F,=-kx, U =4kx’ . The force here is in the same form, so by analogy U(r) = enpa, This is 
F 


also given by the integral of F, from 0 to r with respect to distance. 


m,m 


(b) From part (a), the initial gravitational potential energy is . Equating initial potential energy and final 
E 


kinetic energy (initial kinetic energy and final potential energy are both zero) gives 


2 _ OM , so v =7.90x10° m/s. 


y= 


E 
EVALUATE: When r=0, U(r) =0, as specified in the problem. 
IDENTIFY: In Eqs.(12.12) and (12.16) replace T by T + AT andr by r+ Ar . Use the expression in the hint to 
simplifying the resulting equations. 
SET Up: The earth has m, =5.97x10™ kg and R=6.38x10° m. r=h+R, , where A is the altitude above the 
surface of the earth. 


Qn r’? h 
EXECUTE: (a) T= therefore 
Jom, 
/2 /2 3/2 12 
T+ AT a2" (4 any? = 22 í ' Ar) go í ' eter (ey 
JCM, JCM, r GM, 2r GM, 


Since y= |T ar = 3a ar, v= GM, r°, and therefore 
-1/2 GM . 
v-Av=,/GM, (r+ Ar)? =,/GM, rh (1442) and v~./GM,, eH Ar)=y £ Ar. Since 


2r 2r? 
& 2r r’? Ay- mAr 
JGM,” T 


Qn r’ 


VGM 


period of the initial orbit: v = | 


(b) Starting with T = 


Eq.(12.12)), T =27 r/v, and v= GM (Eq.(12.10)), find the velocity and 
q 7 q 


(6.673 x10''N -m’/kg’)(5.97 x10” kg) 
6.776 x10°m 
T =22 r/v=5549 s =92.5 min. We then can use the two derived equations to approximate AT and Av: 


= 7.672 10° m/s, and 
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12.87. 


12.88. 


12.89. 


ar = 3aAr -_3% (00m) _ 9 1998.5 and Av= Ar = 7100 m) _ 0.05662 m/s . Before the cable breaks, the 
v  7.672x10° m/s T ~ (5549s) 


shuttle will have traveled a distance d, d = J025 m°)- (100 m?) =75m. 

t = (75 m)/(0.05662 m/s) =1324.7 s =22 min. It will take 22 minutes for the cable to break. 

(c) The ISS is moving faster than the space shuttle, so the total angle it covers in an orbit must be 27 radians more 
vt _ (v—Av)t _ 


than the angle that the space shuttle covers before they are once again in line. Mathematically, 7 Gay) 2a 


t ener (I i Ar)" xt (42 i vAr) = 2. 
r r r 


Using the binomial theorem and neglecting terms of order AvAr, - F 


2 
2ar vT Since 27 r=vT and Ar =YAL , t= vT T 


Ay 4 VAP “a Ar _ vAr ar = a(r) l ae 
or T r t\3¢ ) T\ 3a 
T? _ (5549 s)? 


z= =— = ———————————— z= 8 = = i i 
was to be shown. t= AT ~ (0.1228 5) 2.5x10° s=2900 d=7.9 y. It is highly doubtful the shuttle crew would 


survive the congressional hearings if they miss! 
EVALUATE: When the orbit radius increases, the orbital period increases and the orbital speed decreases. 
IDENTIFY: Apply Eq.(12.19) to the transfer orbit. 


SET Up: The orbit radius for Earth is 7; =1.50x10'' mand for Mars it is rų =2.28x10'' m . From Figure 12.19 


Therefore, t = 


S 


in the textbook, a =4(r; +74) 
EXECUTE: (a) To get from the circular orbit of the earth to the transfer orbit, the spacecraft’s energy must 
increase, and the rockets are fired in the direction opposite that of the motion, that is, in the direction that increases 
the speed. Once at the orbit of Mars, the energy needs to be increased again, and so the rockets need to be fired in 
the direction opposite that of the motion. From Figure 12.38 in the textbook, the semimajor axis of the transfer 
orbit is the arithmetic average of the orbit radii of the earth and Mars, and so from Eq.(12.13), the energy of the 
spacecraft while in the transfer orbit is intermediate between the energies of the circular orbits. Returning from 
Mars to the earth, the procedure is reversed, and the rockets are fired against the direction of motion. 
(b) The time will be half the period as given in Eq. (12.17), with the semimajor axis equal to 
11 3/2 

a=1(n, +n.) =1.89x10" m so t=L= AALAND =2.24x10" s =263 days, 

2 (6.673 x10" N-m7/kg’)(1.99 x10” kg) 


which is more than 8+ months. 

(2.24x10’ s) 
(687 d)(86,400 s/d) 
passes through an angle of 180°, so the angle between the earth-sun line and the Mars-sun line must be 44.1°. 
EVALUATE: The period T for the transfer orbit is 526 days, the average of the orbital periods for Earth and Mars. 
IDENTIFY: Apply SF = ma to each ear. 


(c) During this time, Mars will pass through an angle of (360°) =135.9°, and the spacecraft 


SET Up: Denote the orbit radius as r and the distance from this radius to either ear as 6. Each ear, of mass m , 
can be modeled as subject to two forces, the gravitational force from the black hole and the tension force (actually 
the force from the body tissues), denoted by F. 

Mm 
(r+6)y 
Replace the product mæ’ with the value for 6 =0 , mw” = GMm/r’ , and solve for F: 


r+5 1 | Gmmp_ = ie: 
- a = [r+d-r(1+(r))| 


Using the binomial theorem to expand the term in square brackets in powers of 6/r, 


GMm GMm 
Fx a [r +O r(1 2(d/r)) ] = = 
This tension is much larger than that which could be sustained by human tissue, and the astronaut is in trouble. 
(b) The center of gravity is not the center of mass. The gravity force on the two ears is not the same. 
EVALUATE: The tension between her ears is proportional to their separation. 

IDENTIFY: As suggested in the problem, divide the disk into rings of radius r and thickness dr. 


M MEM yap. 
Ta a 


EXECUTE: The force equation for either ear is -F =mo’(r+6), where 6 can be of either sign. 


F =(GMm) l 
; 


(35) =2.1kN . 


SET Up: Each ring has an area dA =2zr dr and mass dM = 


Gravitation 12-29 
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EXECUTE: The magnitude of the force that this small ring exerts on the mass m is then 
2GMmx rdr 
a? (x? F ry? ; 


(G m dM)\(x/(r? + ey) . The contribution dF to the force is dF = 


The total force F is then the integral over the range ofr; 
2GMmx f a r 


a 0 (x? Pye 


F = [dF = 
The integral (either by looking in a table or making the substitution u =r? +a”) is 
T r sod 1 1 1l l x 

Ge ae x a tee |) x ya?’ +x? i 


2GMm l x 


í Va +x? 


a 


Substitution yields the result F = | The force on m is directed toward the center of the ring. 


The second term in brackets can be written as 


1 25 -1/2 lfa 
—=— = (l+ (axy) x1-—|— 
J1+ (alx)? 2\x 
if x >> a, where the binomial expansion has been used. Substitution of this into the above form gives F x —.—, 
x 


as it should. 

EVALUATE: As x— 0, the force approaches a constant. 

IDENTIFY: Divide the rod into infinitesimal segments. Calculate the force each segment exerts on m and integrate 
over the rod to find the total force. 

SET Up: From symmetry, the component of the gravitational force parallel to the rod is zero. To find the 


perpendicular component, divide the rod into segments of length dx and mass dm = dx positioned at a distance 


x from the center of the rod. 
EXECUTE: The magnitude of the gravitational force from each segment is 


dF = an ai = Gam k z- The component of dF perpendicular to the rod is dF ——* andso the net 
x +a 2L x +a xX +a? 
rA L 
oe . Mi 
gravitational force is F = [ar = ous Í 2 a 372" 
5 2L +(x +a’) 


The integral can be found in a table, or found by making the substitution x =a tan@. Then, 
dx =a sec’@ d0, (x? +a’) =a’ sec’O, and so 


2 
hs 
J 2 = z-|\ > alee L feos do = -sinf = X : 
(x? +a’)! a` sech a a ENEE 
GmM 


ava +E i 


EVALUATE: When a>> L, the term in the square root approaches a° and F > 


and the definite integral is F = 


GmM 


2 
a 


, as expected. 
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13.1. 


13.2. 


13.3. 


13.4. 


13.5. 


13.6. 


IDENTIFY and SET Up: The target variables are the period T and angular frequency œ. We are given the frequency 


f, so we can find these using Eqs.(13.1) and (13.2) 


EXECUTE: (a) f =220 Hz 

T =1/f =1/220 Hz=4.54x10° s 

@=2nf =22(220 Hz) =1380 rad/s 

(b) f =2(220 Hz) = 440 Hz 

T =1/f =1/440 Hz =2.27x10° s (smaller by a factor of 2) 
@=2nf =27(440 Hz) = 2760 rad/s (factor of 2 larger) 


EVALUATE: The angular frequency is directly proportional to the frequency and the period is inversely proportional 
to the frequency. 

IDENTIFY and SET UP: The amplitude is the maximum displacement from equilibrium. In one period the object 
goes from x=+A to x=—A and returns. 

EXECUTE: (a) 4=0.120m 

(b) 0.800 s=7/2 so the period is 1.60 s 


1 
c) f =—=0.625 H 
O z 


EVALUATE: Whenever the object is released from rest, its initial displacement equals the amplitude of its SHM. 
eve . Aa 2m 
IDENTIFY: The period is the time for one vibration and @ = E 


SETUP: The units of angular frequency are rad/s. 
EXECUTE: The period is 050s =1.14x10~ s and the angular frequency is w = 2r =5.53x10° rad/s. 


EVALUATE: There are 880 vibrations in 1.0 s, so f =880 Hz. This is equal to 1/T . 


IDENTIFY: The period is the time for one cycle and the amplitude is the maximum displacement from equilibrium. 
Both these values can be read from the graph. 
SETUP: The maximum x is 10.0 cm. The time for one cycle is 16.0 s. 


EXECUTE: (a) T=16.0 sso f == = 0.0625 Hz. 


(b) 4=10.0 cm. 

(c) T=16.0 s 

(d) @=27f =0.393 rad/s 

EVALUATE: After one cycle the motion repeats. 

IDENTIFY: This displacement is + of a period. 

SETUP: T=1/f=0.200s. 

EXECUTE: 1f=0.0500 s 

EVALUATE: The time is the same for x= A to x=0, for x=0 to x =-A, for x=—A to x =0 and for x =0 to 
x=A. 

IDENTIFY: Apply Eq.(13.12). 

SET Up: The period will be twice the interval between the times at which the glider is at the equilibrium position. 


2 2 
EXECUTE: k=a’m= (==) jefe" (0.200 kg) =0.292 N/m. 
T 2(2.60 s) 


EVALUATE: 1N=1kg-m/s’, so 1 N/m =1 kg/s’ . 
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13.7. IDENTIFY and SETUP: Use Eq.(13.1) to calculate T, Eq.(13.2) to calculate œ, and Eq.(13.10) for m. 
EXECUTE: (a) T =1/f =1/6.00 Hz=0.167 s 
(b) @=27f =272(6.00 Hz) =37.7 rad/s 
(© o=Vk/m implies m=k/@ = (120 N/m)/(37.7 rad/s)’ = 0.0844 kg 


EVALUATE: We can verify that k/œ° has units of mass. 


13.8. IDENTIFY: The mass and frequency are related by f = = E , 
aNm 


SET Up: tn == constant , so fim, = f/m, . 
m 


EXECUTE: (a) m,=0.750 kg, fi =1.33 Hz and m, = 0.750 kg + 0.220 kg = 0.970 kg . 


0.750 kg 
= 1.33 Hz =1.17 Hz. 
SA m OS BD ono kg á 


(b) m, =0.750 kg- 0.220 kg =0.530 kg. f, =(1.33 Hz) 0.750 kg 


0.530 kg 


EVALUATE: When the mass increases the frequency decreases and when the mass decreases the frequency increases. 
13.9. IDENTIFY: Apply Eqs.(13.11) and (13.12). 
SETUP: f=1/T 


, __ [0.500 0.500 kg _ 
EXECUTE: (a) T =2z T40 Nim =0.375s. 


(b) f == =2.66 Hz. (c) œ =2af =16.7 rad/s. 


=1.58 Hz 


EVALUATE: We can verify that 1 kg/(N/m) =1 s? . 


13.10. IDENTIFY and SETUP: Use Eqs. (13.13), (13.15), and (13.16). 
EXECUTE: f =440 Hz, 4=3.0mm, ¢=0 


(a) x = Acos(@t+¢) 

@ =2n f =22(440 hz) = 2.7610? rad/s 

x =(3.0x10° m)cos((2.76x10° rad/s)f) 

(b) v, =—@Asin(at + ¢) 

Vinx = OA = (2.76 x10° rad/s)(3.0x10~ m) =8.3 m/s (maximum magnitude of velocity) 

a, =—-@ Acos(at +) 

Ana, =O A = (2.76 10° rad/s)’ (3.0x10° m) =2.3x10* m/s? (maximum magnitude of acceleration) 

(© a, =- Acos ot 

da,/dt = +œ Asin ot =[27(440 Hz)} (3.0x10° m)sin([2.76x10° rad/s]t) = (6.310’ m/s°)sin([2.76 x10 rad/s]}) 


Maximum magnitude of the jerk is w' 4 =6.3x10" m/s? 
EVALUATE: The period of the motion is small, so the maximum acceleration and jerk are large. 
13.11. IDENTIFY: Use Eq.(13.19) to calculate 4. The initial position and velocity of the block determine ø. x(t) is given 
by Eq.(13.13). 
SET UP: cos@ is zero when 9 =+z/2and sin(z/2)=1. 


Vv 
EXECUTE: (a) From Eq. (13.19), 4 =|] =| 
(a) q. (13.19) H 


(b) Since x(0) = 0 , Eq.(13.14) requires ¢ = i5 . Since the block is initially moving to the left, v, <0 and Eq.(13.7) 


=0.98 m. 


T 

7 

(c) cos (œt + (z/2)) =—sin wt, so x =(—0.98 m) sin((12.2 rad/s)f). 

EVALUATE: The x(t) result in part (c) does give x =0 at t=0 and x <0 for ¢ slightly greater than zero. 


13.12. IDENTIFY and SETUP: Weare given k, m, x,, and v,. Use Eqs.(13.19), (13.18), and (13.13). 


requires that sin ¢>0, so ø =+ 


EXECUTE: (a) Eq.(13.19): A= Jx Hv JO = fx? + mvp, /k 


A= (0.200 m)? +(2.00 kg)(—4.00 m/s)’/(300 N/m) = 0.383 m 
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13.13. 


13.14. 


13.15. 


13.16. 


13.17. 


(b) Eq.(13.18): ø =arctan(—v,,/@x,) 

æ =kim =|(300 N/m)/2.00 kg =12.25 rad/s 

¢ = arctan CAO mis) 
(12.25 rad/s)(0.200 m) 


(c) x= Acos(@t+¢) gives x =(0.383 m)cos([12.2rad/s]t +1.02 rad) 
EVALUATE: At t=0 the block is displaced 0.200 m from equilibrium but is moving, so A> 0.200 m. According 


) = arctan(+1.633) = 58.5° (or 1.02 rad) 


to Eq.(13.15), a phase angle ø in the range 0< ø<90° gives yw, <0. 


IDENTIFY: For SHM, a, = -wx = (2af) x . Apply Eqs.(13.13), (13.15) and (13.16), with 4 and ¢ from Eqs.(13.18) 
and (13.19). 

SETUP: x=l.leom, w, =-15 cm/s. @=27f,with f =2.5 Hz. 

EXECUTE: (a) a, =-(2z(2.5 Hz)} (1.1x10° m) = -2.71 m/s’. 


(b) From Eq. (13.19) the amplitude is 1.46 cm, and from Eq. (13.18) the phase angle is 0.715 rad. The angular 
frequency is 2af =15.7 rad/s, so x = (1.46 cm) cos ((15.7 rad/s)t +0.715 rad) , 


v, =(-22.9 cm/s) sin ((15.7 rad/s)t +0.715 rad) and a, =(-359 cm/s”) cos ((15.7 rad/s)t +0.715 rad) . 
EVALUATE: We can verify that our equations for x, v, and a, give the specified values at t =0 . 
IDENTIFY and SET UP: Calculate x using Eq.(13.13). Use T to calculate œ and x, to calculate ¢. 
EXECUTE: x=0 at ¢=0 implies that ø = +7/2 rad 

Thus x= Acos(æt + 7/2). 


T =2z2/@ so @=2r/T =27/1.20 s =5.236 rad/s 
x = (0.600 m)cos([5.236 rad/s][0.480 s]+ z/2)=+ 0.353 m. 


The distance of the object from the equilibrium position is 0.353 m. 
EVALUATE: The problem doesn't specify whether the object is moving in the +x or —x direction at t=0. 


IDENTIFY: Apply T= ar f . Use the information about the empty chair to calculate Ñ. 


SETUP: When m=42.5kg, T=1.30s. 


2 2 
EXECUTE: Empty chair: T = 2n,[ gives k= ae z TA kg) =993 N/m 
k T (1.30 s) 
2 2 
With person in chair: T = ar f gives m= L k sees a naz 162 kg and 
T T 


m =162 kg -42.5 kg =120 kg. 


person 
EVALUATE: For the same spring, when the mass increases, the period increases. 
IDENTIFY and SETUP: Use Eq.(13.12) for T and Eq.(13.4) to relate a, and k. 


EXECUTE: T=22Vm/k, m=0.400 kg 


2 
Use a, =-2.70 m/s? to calculate k: -kx = ma, gives k = Ui area Catia a Be) +3.60 N/m 
x 300 m 


T =22Vm/k =2.09 s 
EVALUATE: a, is negative when x is positive. ma,/x has units of N/m and Vm/k has units of s. 


IDENTIFY: Poon |. a, = er a nax aey F=-k. 
ko m m 


SETUP: a, is proportional to x so a, goes through one cycle when the displacement goes through one cycle. From 


the graph, one cycle of a, extends from t=0.10s to t=0.308, so the period is T =0.20 s. k =2.50 N/cm =250 N/m. 
From the graph the maximum acceleration is 12.0 m/s’. 


2 
EXECUTE: (a) T =27,| gives m=( T ) = (250 Nim (22 s 
k 2m 27 


2 
) =0.253 kg 


2 
nee Paws z OB e ke ee 
m 


(c) F = kA =(250 N/m)(0.0121 m) =3.03 N 


=1.21 cm 
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EVALUATE: We can also calculate the maximum force from the maximum acceleration: 
F ax = Ma ax = (0.253 kg)(12.0 m/s”) =3.04 N, which agrees with our previous results. 


13.18. IDENTIFY: The general expression for v,(t)is v, (t) =—@Asin(a@t+¢). We can determine œ and A by comparing 


the equation in the problem to the general form. 
SETUP: @=4.71 rad/s. @A=3.60 cm/s = 0.0360 m/s . 
EXECUTE: (a) T= N a Le =1.33 s 
4.71 rad/s 
0.0360 m/s _ 0.0360 m/s 
4.71 rad/s 


(€) Aya, = 7A = (4.71 rad/s)?’ (7.64x10° m) =0.169 m/s? 


=7.64x10”° m=7.64 mm 


(b) A= 


(d) @= fe so k =ma@ = (0.500 kg)(4.71 rad/s)? =11.1 N/m. 
m 


EVALUATE: The overall positive sign in the expression for v (t) and the factor of —7/2 both are related to the 
phase factor ø in the general expression. 

13.19. IDENTIFY: Compare the specific x(t) given in the problem to the general form of Eq.(13.13). 
SETUP: 4=7.40 cm, @=4.16 rad/s , and ¢=-2.42 rad. 


Execute: (a) T=22=—” 


Sks: 
@ 4.16 rad/s 


b) o= E so k = mæ? = (1.50 kg)(4.16 rad/s)? = 26.0 N/m 
m 


(C) Vinx = OA = (4.16 rad/s)(7.40 cm) =30.8 cm/s 

(d) F, =-kxso F = kA =(26.0 N/m)(0.0740 m)=1.92 N. 

(e) x(t) evaluated at ¢=1.00 s gives x =-—0.0125 m . v, =—@Asin(at +ø) =30.4 cm/s . 

a, =—kx/m =-@°x = +0.216 m/s’. 

EVALUATE: The maximum speed occurs when x = 0 and the maximum force is when x =+A. 
13.20. IDENTIFY: Apply x(t) = Acos(at+¢) 


SET UP: sadat pe ddion a al = 20.9 rad/s , so 
T 0.300 s 


x(t) = (6.00 cm) cos([20.9 rad/s]) . 
EXECUTE: t=0Oat x=6.00 cm. x=—1.50 cm when —1.50 cm =(6.00 cm)cos([20.9 rad/s]f) . 


z zorre- L30 m) =0.0872 s . It takes 0.0872 s. 
20.9 rad/s .00 cm 


EVALUATE: Ittakes t=T /4 = 0.075 s to go from x= 6.00 cm to x=0 and 0.150 s to go from x= +6.00 cm to 
x = —6.00 cm. Our result is between these values, as it should be. 


13.21. IDENTIFY: v,,,=@A=27/A4. K ax =4mv2,, 
SET UP: The fly has the same speed as the tip of the tuning fork. 
EXECUTE: (a) v,,, =27 fA =22(392 Hz)(0.600x10° m) =1.48 m/s 
(b) Kax = mvi =4+(0.0270x10° kg)(1.48 m/s} =2.96x10° J 


EVALUATE: V,a is directly proportional to the frequency and to the amplitude of the motion. 


max 


13.22. IDENTIFY and SETUP: Use Eq.(13.21) to relate K and U. U depends on x and K depends on v,. 
EXECUTE: (a) U+K=E, so U =K says that 2U = E 
2(4kx?)=444 and x=+4/J/2; magnitude is 4/J2 
But U=K also implies that 2K =E 
2(4mv?) =4k4? and v, =+Vklm A/J2 =+@A/V2; magnitude is wA/V2. 
(b) In one cycle x goes from A to 0 to —A to0 to +4. Thus x= +A,/2 twice and x =—A/ 2 twice in each cycle. 


Therefore, U =K four times each cycle. The time between U =K occurrences is the time At, for x, =+A/ V2 to 
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X, =—A,2, time At, for x =-A/V2 to X =+AN2, time At, for x, =+A/V2 to X =+A,2, or the time At, for 
x= -A/V2 to X, = —A/J/2, as shown in Figure 13.22. 


Ar, 
> < >< 
Ar, -A -ANZ x +A/JT +A Ar, At, = At, 
}+—}—__}—___+—_ At, = At, 
— — = 


Figure 13.22 


Calculation of At, : 


Specify x in x= Acosa@t (choose ¢=0 sox=A at t=0) and solve for t. 
x, =+A/V2 implies 4/V2 = Acos(at,) 

cos wt, =1/V2 so at, =arecos(1//2) = 2/4 rad 

t =7/40 

x, =—-A//2 implies —A/J/2 = Acos(at,) 

cos at, = -1/V2 so ot, = 37/4 rad 

t, =32/40 

At, =t, -t, =32/4@-2/4@=2/2@ (Note that this is 7/4, one fourth period.) 
Calculation of Az, : 

x, =—A/J2 implies t, =32/40 

ï= -A/V2, t, is the next time after ¢, that gives cos wt, = —1/ V2 

Thus ot, = ot, + 72/2 =57/4 and t, = 57/4% 


At, =t, —t, =52/4@—32/4@= 2/20, so is the same as At,. 


Therfore the occurrences of K =U are equally spaced in time, with a time interval between them of z/2a. 
EVALUATE: This is one-fourth T, as it must be if there are 4 equally spaced occurrences each period. 
(c) EXECUTE: x= 4/2 and U+K =E 
K =E-U =}1k4° -thkx =1kA° -1k(A/2)? =1kA° -LKA® = 3kA?/8 
2 Ë 2 

Then K _3kA kee and Lo l 

E 4SkA 4 E tka 4 
EVALUATE: At x=0 all the energy is kinetic and at x =+4A all the energy is potiential. But K =U does not occur 
at x =+A/2, since U is not linear in x. 


13.23. IDENTIFY: Velocity and position are related by E =4kA’ =4mv? +4kx’ . Acceleration and position are related by 


—kx =ma,. 
SET Up: The maximum speed is at x = 0 and the maximum magnitude of acceleration is at x =+A, 
450 N 
EXECUTE: (a) For x=0, tmv? =4kA4? and vp, = ale Sdin oe iis 
m 0.500 kg 


(b) v, ~+ [Ke a oN (0.040 m)? - (0.015 m)? =+1.11 m/s. 
m 0.500 kg 


The speed is v=1.11 m/s. 


ores- arman a N ea 
m (0.500 kg 
(@) a, =$ = (450. NIMAO.0IS m) L 13 5 ms? 
A= 0.500 kg 


(e) E=1kA* =4(450 N/m)(0.040 m)? = 0.360 J 
EVALUATE: The speed and acceleration at x = —0.015 m are less than their maximum values. 
13.24. IDENTIFY and SETUP: a, is related to x by Eq.(13.4) and v, is related to x by Eq.(13.21). a, is a maximum when 


x 


x=+A and v, isa maximum when x =0. fis related to x by Eq.(13.13). 
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13.25. 


13.26. 


13.27. 


EXECUTE: (a) —kx=ma, so a, =—(k/m)x (Eq.13.4). But the maximum |x| is A, so apax =(k/m)A = @" A. 
f =0.850 Hz implies œ = Vkim = 22 f =22(0.850 Hz) =5.34 rad/s. 

Amy = O A = (5.34 rad/s)? (0.180 m) =5.13 m/s’. 

Lmv? +k? =1kA? 


when x=0 so 4mv2,, =4kA? 


max 


Vy = Vina 


X 


Vax = VklmA = wA = (5.34 rad/s)(0.180 m) = 0.961 m/s 
(b) a, =—(k/m)x = —@°x = -(5.34 rad/s)’ (0.090 m) = -2.57 m/s? 
Amy? +Lhx? =4kA? says that v, =+VkimV A? -x =t0V A? -x 


v, = 4(5.34 rad/s),/(0.180 m)? —(0.090 m}? = +0.832 m/s 

The speed is 0.832 m/s. 

(c) x = Acos(a@t +) 

Let @=—z/2 so that x=0 at t=0. 

Then x = Acos(t — 2/2) = Asin(@t) [Using the trig identity cos(a — 7/2) =sina ] 

Find the time ¢ that gives x =0.120 m. 

0.120 m =(0.180 m)sin(@t) 

sin at = 0.6667 

t =arcsin(0.6667)/@=0.7297 rad/(5.34 rad/s) = 0.137 s 

EVALUATE: It takes one-fourth of a period for the object to go from x =0 to x= A=0.180 m. So the time we have 
calculated should be less than 7/4. T =1/f =1/0.850 Hz =1.18 s, 7/4=0.295 s, and the time we calculated is less 


than this. Note that the a, and v, we calculated in part (b) are smaller in magnitude than the maximum values we 


calculated in part (b). 

(d) The conservation of energy equation relates v and x and F = ma relates a and x. So the speed and acceleration 
can be found by energy methods but the time cannot. 

Specifying x uniquely determines a, but determines only the magnitude of v,; at a given x the object could be 
moving either in the +x or —x direction. 


IDENTIFY: Use the results of Example 13.15 and also that E =4k4’. 


; -4 |M Zi 1o a = 
SETUP: Inthe example, A, = A, M m and now we want A, =44,. Therefore, 5 Mam’ E” 3M. For 


the energy, E, =4kA;, but since 4,=44,, E,=1E,, and 3£, is lost to heat. 


EVALUATE: The putty and the moving block undergo a totally inelastic collision and the mechanical energy of the 
system decreases. 


IDENTIFY and SET UP: Use Eq.(13.21). x=+4æ@ when v, =0 and v, = +v, When x=0. 
EXECUTE: (a) E =}4mv +4? 

E =1(0.150 kg)(0.300 m/s)? +4(300 N/m)(0.012 m)? = 0.0284 J 

(b) E =}k4? so A=V/2E/k =f2(0.0284 J)/300 N/m =0.014 m 


ce) E=1Lmy7,, so v „ =V2E/m = [2(0.0284 J)/0.150 kg = 0.615 m/s 
2 ma: max 


EVALUATE: The total energy E is constant but is transferred between kinetic and potential energy during the 
motion. 


X 


IDENTIFY: Conservation of energy says }mv’ +4kx° =14kA’ and Newton’s second law says —kx = ma, . 
SET Up: Let +x be to the right. Let the mass of the object be m. 
2 
ous J-040 s*)m. 


ma 
EXECUTE: k= = nf 


x 0.600 m 


A= x? +(m/k)v’ = Joso m)? (ata e” m/s)? = 0.840 m . The object will therefore 
US jm 


travel 0.840 m—0.600 m = 0.240 m to the right before stopping at its maximum amplitude. 
EVALUATE: The acceleration is not constant and we cannot use the constant acceleration kinematic equations. 


Periodic Motion 13-7 


13.28. 


13.29. 


13.30. 


13.31. 


IDENTIFY: When the box has its maximum speed all of the energy of the system is in the form of kinetic energy. 
When the stone is removed the oscillating mass is decreased and the speed of the remaining mass is unchanged. The 


period is given by T = A 


SETUP: The maximum speed is Vax =@A = [Ea . With the stone in the box m =8.64 kg and A= 0.0750 m. 
m 


EXECUTE: (a) T= 2 = 2x 32Akg =0.740 s 
k 375 N/m 


(b) Just before the stone is removed, the speed is v,,,, = SB AT (0.0750 m) = 0.494 m/s . The speed of the box 
0% Kg 


isn't altered by removing the stone but the mass on the spring decreases to 5.20 kg. The new amplitude is 


A= (ome = | PUES (0.494 m/s) = 0.0582 m . The new amplitude can also be calculated as 
k 375 N/m 


5.20 kg 
8.64 kg 


(0.0750 m) = 0.0582 m . 


m 4 
(c) T=27 F . The force constant remains the same. m decreases, so T decreases. 


EVALUATE: After the stone is removed, the energy left in the system is 
=41(5.20 kg)(0.494 m/s)? = 0.6345 J . This then is the energy stored in the spring at its maximum extension 


i 2 
2 Moox Vimax 


or compression and +k4° = 0.6345 J . This gives the new amplitude to be 0.0582 m, in agreement with our previous 
calculation. 
IDENTIFY: Work in an inertial frame moving with the vehicle after the engines have shut off. The acceleration 


before engine shut-off determines the amount the spring is initially stretched. The initial speed of the ball relative to 
the vehicle is zero. 


SET Up: Before the engine shut-off the ball has acceleration a =5.00 m/s’. 
ma _ (3.50 kg)(5.00 m/s’) 


EXECUTE: (a) F, =—kx=ma, gives A= 
i k 225 N/m 


=0.0778 m . This is the amplitude of the 


subsequent motion. 


b) f= 1 i- 225 Nim _ 28 Hiz 
2aVm 2rV\ 3.50 kg 


(c) Energy conservation gives +k4° =4mv-,, and Vya = fta = EENM (0.0718 m) =0.624 m/s. 
m  \ 3.50kg 


EVALUATE: During the simple harmonic motion of the ball its maximum acceleration, when x =+A, continues to 


have magnitude 5.00 m/s’. 
IDENTIFY: Use the amount the spring is stretched by the weight of the fish to calculate the force constant k of the 


spring. T = 2nJmlk. Vinx = OA = 27 fA. 
SET Up: When the fish hangs at rest the upward spring force 
amplitude of the SHM is 0.0500 m. 
mg _ (65.0 kg)(9.80 m/s”) 

xo 0.120 m 
b) T= 2n |” = 2x SOUS E 

k 5.31x10° N/m 

27A _2(0.0500 m) 


T 0.695 s 
EVALUATE: Note that T depends only on m and k and is independent of the distance the fish is pulled down. But 
Vmax does depend on this distance. 


F 


x 


= kx equals the weight mg of the fish. f =1/T . The 


EXECUTE: (a) mg=kx so k= =5.31x10° N/m. 


(© Vinx =20fA= =0.452 m/s 


IDENTIFY: Initially part of the energy is kinetic energy and part is potential energy in the stretched spring. When 

x =+A all the energy is potential energy and when the glider has its maximum speed all the energy is kinetic energy. 
The total energy of the system remains constant during the motion. 

SET Up: Initially v, =+0.815 m/s and x = +0.0300 m . 
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13.32. 


13.33. 


13.34. 


13.35. 


EXECUTE: (a) Initially the energy of the system is 
E=1mv’ +Łkx’ =1(0.175 kg)(0.815 m/s)? +4(155 N/m)(0.0300 m)’ =0.128 J . £44? = E and 


A= a 128 J) 0.0406 m= 4.06 cm. 
155 N/m 
(b) mvi =E and Vaaz z = ze D =1.21 m/s ; 
~ Vm 0.175 kg 
(c) @= ie = Dena = 29.8 rad/s 
m 0.175 kg 


EVALUATE: The amplitude and the maximum speed depend on the total energy of the system but the angular 
frequency is independent of the amount of energy in the system and just depends on the force constant of the spring 
and the mass of the object. 


IDENTIFY: K=1mv’, U 


grav 


=mgy and U, =4kx’. 

SET Up: At the lowest point of the motion, the spring is stretched an amount 24A. 

EXECUTE: (a) At the top of the motion, the spring is unstretched and so has no potential energy, the cat is not 
moving and so has no kinetic energy, and the gravitational potential energy relative to the bottom is 

2mgA = 2(4.00 kg)(9.80 m/s’)(0.050 m) =3.92 J . This is the total energy, and is the same total for each part. 


(b) U, =0,K =0, so U, =3.92 J. 


grav spring 


(c) At equilibrium the spring is stretched half as much as it was for part (a), and so U, 
Uv = 53-92 J) =1.96 J, and so K =0.98 J. 


EVALUATE: During the motion, work done by the forces transfers energy among the forms kinetic energy, 
gravitational potential energy and elastic potential energy. 

IDENTIFY: The location of the equilibrium position, the position where the downward gravity force is balanced by 
the upward spring force, changes when the mass of the suspended object changes. 

SET Up: At the equilibrium position, the spring is stretched a distance d. The amplitude is the maximum distance of 
the object from the equilibrium position. 

EXECUTE: (a) The force of the glue on the lower ball is the upward force that accelerates that ball upward. The 
upward acceleration of the two balls is greatest when they have the greatest downward displacement, so this is when 
the force of the glue must be greatest. 

(b) With both balls, the distance d, that the spring is stretched at equilibrium is given by kd, = (1.50 kg +2.00 kg)g 


and d, =20.8 cm. At the lowest point the spring is stretched 20.8 cm+15.0 cm =35.8 cm. After the 1.50 kg ball 


=+(3.92 J) =0.98 J, 


spring 


falls off the distance d, that the spring is stretched at equilibrium is given by kd, =(2.00 kg)g and d, =11.9 cm. 


The new amplitude is 35.8 cm —11.9 cm = 23.9 cm. The new frequency is f = : ie = | Goa =1.45 Hz. 
2a4\Vm 27\ 2.00 kg 


EVALUATE: The potential energy stored in the spring doesn’t change when the lower ball comes loose. 


IDENTIFY: The torsion constant « is defined by t, =-x0. f = = F and T=1/f . O(t)=Ocos(at+¢@). 
1 


SETUP: For the disk, J=4MR?. t, =-FR. At t=0, 0=©=3.34° = 0.0583 rad, so ¢=0. 
-FR (4.23 N)(0.120 m) _ 941 N. mrad 


T. 
EXECUTE: (a) K=-—= 
0.0583 rad 0.0583 rad 


b) f= Lk- E - A Rule =2.71 Hz. T=1/ f =0.461 s. 
2x \ MR? 27 \ (6.50 kg)(0.120 m) 


(© @=27f =13.6 rad/s. O(t) =(3.34°)cos([13.6 rad/s]f) . 


EVALUATE: The frequency and period are independent of the initial angular displacement, so long as this 
displacement is small. 

IDENTIFY and SETUP: The number of ticks per second tells us the period and therefore the frequency. We can use a 
formula form Table 9.2 to calculate 7. Then Eq.(13.24) allows us to calculate the torsion constant x. 

EXECUTE: Ticks four times each second implies 0.25 s per tick. Each tick is half a period, so T =0.50s and 

f =1/T =1/0.50 s = 2.00 Hz 


(a) Thin rim implies / = MR? (from Table 9.2). I = (0.900 x10” kg)(0.55x10~ m}? =2.7x10° kg-m’ 


(b) T=2aVi/K so e=1(2a/T)Y =(2.7x10% kg-m’)(27/0.50 s} =4.3x10% N-m/rad 
EVALUATE: Both/and x are small numbers. 
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13.36. 


13.37. 


13.38. 


13.39, 


13.40. 


IDENTIFY: Eq.(13.24) and T =1/ f says r-r fi. 
K 


SETUP: I=ł4mR°. 
EXECUTE: Solving Eq. (13.24) for x in terms of the period, 


2 2 
«-(=} =h; = ) ((1/2)(2.00x10° kg)(2.20x10° m)*) =1.91x10° N-m/rad. 
a S 


EVALUATE: The longer the period, the smaller the torsion constant. 


IDENTIFY: f PRR 2 : 
“ 2maNI 
SETUP: f =125/(265 s) , the number of oscillations per second. 
K  _ 0.450 N-m/rad 


EXECUTE: J = 0.0152 kg-m’. 


~ (2afP — (2x(125)/(265 s)) 
EVALUATE: Fora larger J, fis smaller. 
IDENTIFY: O(f) is given by O(t) = Ocos(at + g) . Evaluate the derivatives specified in the problem. 


SETUP: d(cosat)/dt=—asinat. d(sin æt)/dt = @cosat . sin? @+cos*@=1 


In this problem, g =0. 


f -dl __o@si LO o 
EXECUTE: (a) œ= ae æ Osin(@ t) and eo @ Ocos(a t). 


(b) When the angular displacement is ©, © = @cos(@f) . This occurs at t=0,so @=0. a@=-@®. When the 


angular displacement is 0/2, OL Ocos(@t), or +=cos(@t). @= since sin(@t) = = a= 


cos(at) =1/2. 
EVALUATE: cos(@t)=4 when of = 7/3 rad =60°. At this t£, cos(@t) is decreasing and @ is decreasing, as 


required. There are other, larger values of wt for which 0 =©/2, but @ is increasing. 
IDENTIFY and SET Up: Follow the procedure outlined in the problem. 
EXECUTE: Eq.(13.25): U =U,[(R,/r)* —2(R,/r)°]. Let r =R, +x. 


R 12 R 6 1 12 1 6 
U=U, z : 2 0 =U, 2 
tx R, +x 1+ x/R, 1+x/R, 


12 
l | =ar" 


x/R,|<<1 
1+x/R, 


Apply Eq.(13.28) with n=—12 and u=+4x/R,: 


12 
1 
=1-12x/R, + 66x?/R? 
[| Gh 


6 
For t apply Eq.(13.28) with n =-—6 and u=+x/R,: 
1+x/R, 


6 
1 
=1-6x/R, +15x?/R? 
(r) PASS 


-o @V3 B ES) 
2 2; 


, since 


Thus U =U,(1-12x/R, + 66x7/R; —2 +12x/R, —30x7/R;,) =U, +36U,x°/R,. This is in the form U =44x? -U, with 


k= 72U JR; which is the same as the force constant in Eq.(13.29). 


EVALUATE: fF, =—dU/dx so U(x) contains an additive constant that can be set to any value we wish. If U, =0 


then U =0 when x=0. 
IDENTIFY: Example 13.7 tells us that f = eee ee 5 
22 \ (m/2) 
SETUP: 1u=1.66x10~ kg 
1 k 1 2(580 N/m) 
f = — 7 
2m\|(m/2) 2x \\(1.008)(1.66x10~ kg) 


EXECUTE: =1.33x10" Hz. 
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13.41. 


13.42. 


13.43. 


13.44. 


13.45. 


EVALUATE: This frequency is much larger than f calculated in Example 13.7. Here m is smaller by a factor of 1/40 
but k is smaller by a factor of 1/700. 

IDENTIFY: T =27,/L/g is the time for one complete swing. 

SET Up: The motion from the maximum displacement on either side of the vertical to the vertical position is one- 
fourth of a complete swing. 

EXECUTE: (a) To the given precision, the small-angle approximation is valid. The highest 


2 


(b) The same as calculated in (a), 0.25 s. The period is independent of amplitude. 
EVALUATE: For small amplitudes of swing, the period depends on L and g. 
IDENTIFY: Since the rope is long compared to the height of a person, the system can be modeled as a simple 


speed is at the bottom of the arc, which occurs after a quarter period, T =r Z =0.25 s. 


pendulum. Since the amplitude is small, the period of the motion is T = 27 E . 
g 


SETUP: From his initial position to his lowest point is one-fourth of a cycle. He returns to this lowest point in time 
T/2 from when he was previously there. 


EXECUTE: (a) T=27 ELA =5.12s. t=T/4=1.28s. 
9.80 m/s 


(b) t=37/4=3.84s. 
EVALUATE: The period is independent of his mass. 
IDENTIFY: Since the cord is much longer than the height of the object, the system can be modeled as a simple 


pendulum. We will assume the amplitude of swing is small, so that T = 27 E ; 
g 


; : 1 1 
SETUP: The number of swings per second is the frequency f =— =— È, 
T 2m\L 
2 
EXECUTE: f= Es = 0.407 swings per second . 
2m \ 1.50m 


EVALUATE: The period and frequency are both independent of the mass of the object. 
IDENTIFY: Use Eq.(13.34) to relate the period to g. 


SET Up: Let the period on earth be T, =27,/L/g,, where g, =9.80 m/s’, the value on earth. 


Let the period on Mars be T, =27./L/g,,, where gu =3.71 m/s’, the value on Mars. 


We can eliminate L, which we don’t know, by taking a ratio: 


EXECUTE: Tu og E Lj- Sr 
T. ky 2a \V L 2m 


E 
2 
Ty =T, |E =(1.60 s), ee = 2.60 s. 
Su 3.71 m/s 


EVALUATE: Gravity is weaker on Mars so the period of the pendulum is longer there. 

IDENTIFY and SET Up: The bounce frequency is given by Eq.(13.11) and the pendulum frequency by Eq.(13.33). 
Use the relation between these two frequencies that is specified in the problem to calculate the equilibrium length L 
of the spring, when the apple hangs at rest on the end of the spring. 


EXECUTE: vertical SHM: f, -1 fe 
2aVNm 


pendulum motion (small amplitude): f, =—,|— 
m 


The problem specifies that f, => fy 


feet 1 fe 
2nVL 22nVNm 
g/L=k/4m so L=4gm/k = 4w/k = 4(1.00 N)/1.50 N/m = 2.67 m 


EVALUATE: This is the stretched length of the spring, its length when the apple is hanging from it. (Note: Small 
angle of swing means v is small as the apple passes through the lowest point, so a,,, is small and the component of 


mg perpendicular to the spring is small. Thus the amount the spring is stretched changes very little as the apple 
swings back and forth.) 
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13.46. 


13.47. 


13.48. 


IDENTIFY: Use Newton’s second law to calculate the distance the spring is stretched form its unstretched length 
when the apple hangs from it. 
SETUP: The free-body diagram for the apple hanging at rest on the end of the spring is given in Figure 13.45. 


y 
kAL EXECUTE: X F, =ma, 
kAL-mg =0 
AL = mg/k = w/k =1.00 N/1.50 N/m = 0.667 m 
mg 


Figure 13.45 


Thus the unstretched length of the spring is 2.67 m—0.67 m = 2.00 m. 
EVALUATE: The spring shortens to its unstretched length when the apple is removed. 


IDENTIFY: a =La, apa =L@ and a=,/a,, +a. . Apply conservation of energy to calculate the speed in 
part (c). 
SET Up: Just after the sphere is released, @=Oand a,,, =0. When the rod is vertical, a,,, =0. 


EXECUTE: (a) The forces and acceleration are shown in Figure 13.46a. a „4 =0 and a=a,,, =gsin0. 


(b) The forces and acceleration are shown in Figure 13.46b. 
(c) The forces and acceleration are shown in Figure 13.46c. U, = K, gives mgL(1—cos@) =4mv’ and 


v=,2gL(1—cos®) . 


EVALUATE: As the rod moves toward the vertical, v increases, a,,, increases and a,,, decreases. 


rad 


| 
| 9 L 


` | 
` l 
N I 
eee I 
7 | 
N I 
a f \ | 7 ie 
` aÀ i 
` l 
w <x l 


i © 
|, 


l, 


(a) (b) (9) 
Figure 13.46 


IDENTIFY: Apply T = 2m JLI g 

SETUP: The period of the pendulum is T =(136 s)/100 =1.36 s. 

4n°L _ 4r’ (0.500 m) 
T? (136s) 


EVALUATE: The same pendulum on earth, where g is smaller, would have a larger period. 


EXECUTE: g= 


=10.7 m/s’. 


; ; L 
IDENTIFY: Ifa small amplitude is assumed, T = 27 E ; 
g 


1.37.5 | 60 
SETUP: The fourth term in Eq.(13.35) would be =—.— sin’ — 
22.42. 


6 Dee 
2.00 m 
EXECUTE: T =22,|———~ = 2.84 
6) 7119.80 mis? à 


(b) T =(2.84 s) 1+Lsin?15.0°4+ 2 sin*15.00 4 222 sinf 15.0° |= 2.89 s 
4 64 2305 
(c) Eq.(13.35) is more accurate. Eq.(13.34) is in error by eis =-2%. 
.89 s 


EVALUATE: As Figure 13.22 in Section 13.5 shows, the approximation F, = —mgð is larger in magnitude than the 


true value as 0 increases. Eq.(13.34) therefore over-estimates the restoring force and this results in a value of T that is 
smaller than the actual value. 
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13.49. 


13.50. 


13.51. 


13.52. 


13.53. 


IDENTIFY: JT =27,/I/megd . 


SETUP: d=0.200m.7=(120s)/100. 


=0.129 kg.m’. 


TY 120 s/100 \’ 
EXECUTE: [= med{ Z) = (1.80 kg)(9.80 m/s” )(0.200 m (Pe) 


EVALUATE: Ifthe rod were uniform, its center of gravity would be at its geometrical center and it would have 
length /=0.400 m . For a uniform rod with an axis at one end, 7 =1ml? =0.096 kg-m° . The value of Z for the actual 
rod is about 34% larger than this value. 


IDENTIFY: T =2z,/I/mgd 


SET Up: From the parallel axis theorem, the moment of inertia of the hoop about the nail is 

I = MR’ +MR° =2MR’. d=R. 

EXECUTE: Solving for R, R= gT? [8x = 0.496 m. 

EVALUATE: A simple pendulum of length L = R has period T = 2nJR/g . The hoop has a period that is larger by a 
factor of V2. 

IDENTIFY: Fora physical pendulum, T = 2n/1/mgd and for a simple pendulum T = 2nJLig ; 


SET UP: For the situation described, I =mĽ andd =L. 
2 


EXECUTE: T=27 =27.,/L/g , so the two expressions are the same. 


mgL 
EVALUATE: Eq.(13.39) applies to any pendulum and reduces to Eq.(13.34) when the conditions for the object to be 
a simple pendulum are satisfied. 
IDENTIFY: Apply Eq.(13.39) to calculate J and conservation of energy to calculate the maximum angular speed, 
O max ž 
SETUP: d=0.250m. In part (b), y; =d(1—cos®), with © = 0.400 radand y, =0. 
EXECUTE: (a) Solving Eq.(13.39) for J 
2 2 
je ee om EA (1.80 kg)(9.80 m/s*)(0.250 m) = 0.0987 kg-m’. 
20 2a 
(b) The small-angle approximation will not give three-figure accuracy for © = 0.400 rad. From energy 


max * 


considerations, mgd (1—cos ©) = Lo Expressing Qa in terms of the period of small-angle oscillations, this 


becomes 


a a y 
Qh = ea (1-cos ©) az | (1—cos(0.400 rad)) = 2.66 rad/s. 


EVALUATE: The time for the motion in part (b) is t=T/4, so Q, = A@/At = (0.400 rad) /(0.235 s) =1.70 rad/s . 


© increases during the motion and the final Q is larger than the average Q. 
IDENTIFY: Pendulum 4 can be treated as a simple pendulum. Pendulum B is a physical pendulum. 


SET Up: For pendulum B the distance d from the axis to the center of gravity is 3L/4. I = $(m/2)E for a bar of 
mass m/2 and the axis at one end. For a small ball of mass m/2 at a distance L from the axis, Z, =(m/2)L’ . 
EXECUTE: Pendulum A: T, =2z E ; 

g 


2 


Pendulum B: J = /,,, + Lra = LDE +(m/2)Ľ = gm 


ee ae 
T, =20 = 2n,|— ui AE e = 0.943T, . The period is longer for pendulum A. 
mgd mg(3L/ H 


EVALUATE: Example 13.9 shows that for the bar alone, T = - ', =0.816T, . Adding the ball of equal mass to the 


-> 


end of the rod increases the period compared to that for the rod alone. 
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13.54. 


13.55. 


13.56. 


13.57. 


13.58. 


13.59. 


IDENTIFY: The ornament is a physical pendulum: T =27,/J/mgd (Eq.13.39). T is the target variable. 


SETUP: J =5MR?/3, the moment of inertia about an axis at the edge of the sphere. d is the distance from the axis 
to the center of gravity, which is at the center of the sphere, so d = R. 


Execute: T =27V5/3/R/g =22V/5/3 (0.050 m/(9.80m/s) = 0.58 s. 


EVALUATE: A simple pendulum of length R =0.050 m has period 0.45 s; the period of the physical pendulum is 
longer. 

IDENTIFY: Pendulum 4 can be treated as a simple pendulum. Pendulum B is a physical pendulum. Use the parallel- 
axis theorem to find the moment of inertia of the ball in B for an axis at the top of the string. 

SETUP: For pendulum B the center of gravity is at the center of the ball, so d = L . For a solid sphere with an axis 


through its center, /,,, =2MR*. R = L/2 and I,,,=7;ML. 


EXECUTE: Pendulum A: T, =27 E A 
g 
Pendulum B: The parallel-axis theorem says J =I „ +MĽ =4MP . 


2 
T=27 E 2 Da = E ! 20 ae i lr =1.057, . It takes pendulum B longer to complete a swing. 
mgd 10MgL 10 g 10 


EVALUATE: The center of the ball is the same distance from the top of the string for both pendulums, but the mass 
is distributed differently and / is larger for pendulum B, even though the masses are the same. 


IDENTIFY: If the system is critically damped or overdamped it doesn’t oscillate. With no damping, @=V/m/k . 


2 
With underdamping, the angular frequency has the smaller value o'=, | LAA = T 
m 4m 


SerUr: m=2.20kg, k=250.0 Ni: Te Amig =2% =—2* 
T’ 0.6158 


oO 
2 

EXECUTE: (a) œ= fe x 2000 Na 10.66 rad/s . œ' < æ so the system is damped. o' = Lam z gives 
m 2.20 kg m 4m 


b=2m [E =2(2.20 kg) PO NA ga rad/s)? =13.3 kg/s . 
m 2.20 kg 


(b) Since the motion has a period the system oscillates and is underdamped. 
EVALUATE: The critical value of the damping constant is b = 2Vkm = 2,/(250.0 N/m)(2.20 kg) = 46.9 kg/s . In this 


problem b is much less than its critical value. 
IDENTIFY and SETUP: Use Eq.(13.43) to calculate @', and then f’=a'/2z. 


2 
(a) EXECUTE: œ = ,{(k/m) —(b°/4m’) = | ZADNE AO QUO kes) San adis 


=10.22 rad/s . 


0.300 kg 4(0.300 kg)’ 
f' =0/2n = (2.47 rad/s)/22 = 0.393 Hz 
(b) IDENTIFY and SET Up: The condition for critical damping is b=2Vkm (Eq.13.44) 


EXECUTE: b= 2,/(2.50 N/m)(0.300 kg) =1.73 kg/s 


EVALUATE: The value of b in part (a) is less than the critical damping value found in part (b). With no damping, the 
frequency is f =0.459 Hz; the damping reduces the oscillation frequency. 


IDENTIFY: From Eq.(13.42) 4, = A, exp (-& j, 


SETUP: In(e*)=-x 


EXECUTE: b= M nf 


A _ 2(0.050 kg) n( 3 m 
t 


A, (5.00 s) 0.100 m 
EVALUATE: As a check, note that the oscillation frequency is the same as the undamped frequency to 
4.8x10°%, so Eq. (13.42) is valid. 

IDENTIFY: x(t) is given by Eq.(13.42). v, = dx/dt and a, =dv,/dt . 


= 0.0220 kg/s. 


SET UP: d(cos@'t)/dt =—a'sino't . d(sina't)/dt = w'cosa't. d(e” /dt =-ae™ . 
EXECUTE: (a) With g=0, x(0)=4. 
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13.63. 


(b) v = = = Ae bm -2 cos w't—@' sin ør), and at t =0, v, =—Ab/2m; the graph of x versus ¢ near t =0 
É t m 


slopes down. 


2 ' 2 2 
(c) a, = Sice P LA E T sin œ't |, andat ¢=0, a,=A ? z-o” |=A ee : 
© dt 4m 2m 4m 


(Note that this is (-bv, — kx,)/m.) This will be negative if b </2km, zero if b=./2km and positive if b > /2km. 
The graph in the three cases will be curved down, not curved, or curved up, respectively. 

EVALUATE: a,(0) =0 corresponds to the situation of critical damping. 

IDENTIFY: Apply Eq.(13.46). 

SETUP: œ= Vkim corresponds to resonance, and in this case Eq.(13.46) reduces to A= F ax /ba, . 

EXECUTE: (a) 4/3 


(b) 24, 
EVALUATE: Note that the resonance frequency is independent of the value of b. (See Figure 13.28 in the textbook). 
F, 
IDENTIFY and SET UP: Apply Eq.(13.46): A = = 
V(k -—ma;) +b o 
; : F 
EXECUTE: (a) Consider the special case where k ma; =0, so A=F.,,/ba@, and b= F.,,/Aa@,. Units of —™ are 
O; 
kg -m/s? : ; 
ime") =kg/s. For units consistency the units of b must be kg/s. 
m)(s 


(b) Units of Vkm: [(N/m)kg]!? = (N kg/m)” =[(kg-m/s*)(kg)/m]!” = (kg’/s’)!? = kg/s, the same as the units for b. 
(c) For @, =Vk/m (at resonance) A=(F.,,/b)Vm/k. 


(i) b=0.2Vkm 

A = Fax m 1 = Fix = 5.0 F e 
Vk 024km 0.2k k 

(ii) b=0.4Vkm 

A = Bees m 1 = Fri = 2.5 JINN ; 
Vk 0.4Vkm 0.4k k 


EVALUATE: Both these results agree with what is shown in Figure 13.28 in the textbook. As b increases the 
maximum amplitude decreases. 

IDENTIFY: Calculate the resonant frequency and compare to 35 Hz. 

SETUP: œin rad/s is related to fin Hz by o=2z/f. 


EXECUTE: The resonant frequency is Vé/m = J(2.1« 10° N/m)/108 kg =139 rad/s =22.2 Hz, and this package does 
not meet the criterion. 

EVALUATE: To make the package meet the requirement, increase the resonant frequency by increasing the force 
constant k. 


k f ; f [k 
IDENTIFY: ma, =—kx so a =—A =A is the magnitude of the acceleration when x=+A. V =,/—A=@4. 
m m 
pe Ak., 

t t 


SETUP: A=0.0500 m. @=3500 rpm = 366.5 rad/s. 

EXECUTE: (a) @,,,, = @°A = (366.5 rad/s)’ (0.0500 m) = 6.72 x10? m/s? 

(b) Fax = Mapa = (0.450 kg)(6.72 x10° m/s”) =3.02 x10° N 

(€) Vins =@A = (366.5 rad/s)(0.0500 m) =18.3 m/s . K a =tmv2,, =4(0.450 kg)(18.3 m/s)? =75.4 J 
2 L s = =4.286x10° s. P= A ams) 


e) a... is proportional to œ , so F 
max 1S Prop 


max 


P 2 
zmv 


sf =1.76x10° W. 


(d) P= 


increases by a factor of 4, to 1.21x10* N. va is proportional to @, so 
Vinay doubles, to 36.6 m/s, and K „ax increases by a factor of 4, to 302 J. In part (d). t is halved and K is quadrupled, so 


P „increases by a factor of 8 and becomes 1.41x10° W. 


max 
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EVALUATE: For a given amplitude, the maximum acceleration and maximum velocity increase when the frequency 
of the motion increases and the period decreases. 


13.64. IDENTIFY: T = arf” . The period changes when the mass changes. 


SETUP: M is the mass of the empty car and the mass of the loaded car is M +250 kg. 


EXECUTE: The period of the empty car is T, = 27 “ . The period of the loaded car is T, = 27 ee ; 


2 
pa OO SO ms) ioii’ 
4.00x10° m 


2 2 3 
M= I k —250 kg = Los) (6.125x10* N/m) -250 kg =1.56x10° kg. EET ELE ee 
2m 2m 6.125x10° N/m 


EVALUATE: When the mass decreases, the period decreases. 
13.65. IDENTIFY and SETUP: Use Eqs. (13.12), (13.21) and (13.22) to relate the various quantities to the amplitude. 


EXECUTE: (a) T =22,/m/k; independent of A so period doesn't change 

f =\/T; doesn't change 

@=2nf; doesn't change 

(b) E=1kA* when x=+A. When 4 is halved E decreases by a factor of 4; E, = E,/4. 
(©) Vinx = OA =27 fA 

Vinx = 2T fA  Vmax2 =20f4, (f doesn’t change) 

Since 4, =44,Vnax2 =20f GA) =427 fA =Fv, 
(d) v, =4VklmV 4? -x° 

x=+4/4 gives v,=4VkimJ A? - 4?/16 

With the original amplitude v,, =+Vk/m,| A? — 4?/16 = +V15/16(Jk/m) A, 

With the reduced amplitude v,, = +yk/m4] A} — 47/16 =4Vk/m/(A/2)° — 47/16 = +V3/16(Vk/m) A, 
V/v, =V15/3 = V5, so Vv, = v/V5; the speed at this x is 1/5 times as great. 


(e) U =1kx’; same x so same U. 


N/m 


Vax IS one-half as great 


max,l 9 " max 


K =}m?; K,=4my,, 
K, =4mv3, =1m(v,,/V5) =1(Lmv2.) = K,/5; 1/5 times as great. 
EVALUATE: Reducing A reduces the total energy but doesn't affect the period and the frequency. 
13.66. (a) IDENTIFY and SET Up: Combine Eqs. (13.12) and (13.21) to relate v, and x to T. 


EXECUTE: T =22Vm/k 
We are given information about v, at a particular x. The expression relating these two quantities comes from 


conservation of energy: 4mv? +4kx° =4kA’ 

We can solve this equation for Vinik , and then use that result to calculate T. mv. =k(A* -x’) 

E _ V4 -x° _ (0.100 m)? - (0.060 m)? 
k v, 0.300 m/s 

Then T =2æ4m/k =27(0.267 s) =1.68 s. 


(b) IDENTIFY and SET UP: We are asked to relate x and v,, so use conservation of energy equation: 


=0.267 s 


k? = kA? -mv? 
x =A? —(m/k)v? = (0.100 m)? — (0.267 s)°(0.160 m/s)? =0.090 m 


EVALUATE: Smaller lv, | means larger x. 


(c) IDENTIFY: Ifthe slice doesn't slip the maximum acceleration of the plate (Eq.13.4) equals the maximum 
acceleration of the slice, which is determined by applying Newton's 2nd law to the slice. 
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SET Up: For the plate, —kx = ma, and a, =—(k/m)x. The maximum |x| is A, SO aax =(k/m)A. If the carrot slice 


doesn't slip then the static friction force must be able to give it this much acceleration. The free-body diagram for the 
carrot slice (mass m’ ) is given in Figure 13.66. 


EXECUTE: °F, =ma, 
Hsn n—m'g =0 


n=n'g 


mg 


Figure 13.66 


XF, =ma, 
un=m'a 


um'g=m'a and a= ug 


2 
But we require that a = a ax = (k/m)A = ug and u, = we -( l ) í O00 a =0.143 
i mg \0.267s/ \ 9.80 m/s 


EVALUATE: We can write this as 4, = @ A/g. More friction is required if the frequency or the amplitude is 


increased. 

IDENTIFY: The largest downward acceleration the ball can have is g whereas the downward acceleration of the tray 
depends on the spring force. When the downward acceleration of the tray is greater than g, then the ball leaves the 
tray. y(t) = Acos(at+¢). 

SETUP: The downward force exerted by the spring is F = kd , where d is the distance of the object above the 


eae ; ; : F kd i 
equilibrium point. The downward acceleration of the tray has magnitude — = — , where m is the total mass of the 
m m 


ball and tray. x = A at t =0 , so the phase angle ¢ is zero and +x is downward. 


mg _ (1.775 kg)(9.80 m/s”) 
k 185 N/m 
equilibrium point so is 9.40 cm +15.0 cm = 24.4 cm above point A. 


(b) w= E = 1 Nm =10.2 rad/s . The point in (a) is above the equilibrium point so x =—9.40 cm. 
m 1.775 kg 


—9.40 cm _ 2.25 rad 
15.0 cm 10.2 rad/s 

185 N/m 

1.775 kg 


EXECUTE: (a) u =g gives d = =9.40 cm . This point is 9.40 cm above the 
m 


x = Acos(@t) gives ot = arcos =) = arcoos{ =2.25 rad. t =0.221s. 


(© th? +Lmv? =4kA? gives v= [Ea x?) -| ([0.150 m}? —[-0.0940 mP) =1.19 m/s. 


EVALUATE: The period is T = 2r f =0.615 s . To go from the lowest point to the highest point takes time 
T/2=0.308 s . The time in (b) is less than this, as it should be. 


k = es 
IDENTIFY: In SHM, a,,,, =——A. Apply SF = ma to the top block. 
Met 
SET Up: The maximum acceleration of the lower block can’t exceed the maximum acceleration that can be given to 
the other block by the friction force. 


EXECUTE: For block m, the maximum friction force is f, = un = umg . DF, =ma, gives umg =ma and 


a= ug . Then treat both blocks together and consider their simple harmonic motion. aax -( J4 . Set 


M +m 


max 


k 


EVALUATE: IfA is larger than this the spring gives the block with mass M a larger acceleration than friction can 
give the other block, and the first block accelerates out from underneath the other block. 
IDENTIFY: Apply conservation of linear momentum to the collision and conservation of energy to the motion after 


the collision. f = i féa T= is. 
2m Nm f 


aax =4 and solve for A: ng-| i Ja and ya LEM tm). 
i M +m 
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SET Up: The object returns to the equilibrium position in time 7/2. 


EXECUTE: (a) Momentum conservation during the collision: mv, =(2m)V . V = % = $(2.00 m/s) =1.00 m/s. 
Energy conservation after the collision: SMV? = se? i 
x= ” | (20.0 kg)(1.00 m/s)’ _ 9 509 m (amplitude) 
k 80.0 N/m 
o=2af = Jk/M . f => =- Pe =0.318 Hz. Peo oa s. 


(b) It takes 1/2 period to first return: +(3.14 s) =1.57 s 


EVALUATE: The total mechanical energy of the system determines the amplitude. The frequency and period depend 
only on the force constant of the spring and the mass that is attached to the spring. 

IDENTIFY: The upward acceleration of the rocket produces an effective downward acceleration for objects in its 
frame of reference that is equal to g'=a+g. 


SET Up: The amplitude is the maximum displacement from equilibrium and is unaffected by the motion of the 


rocket. The period is affected and is given by T =2z f5 ; 
g 


EXECUTE: The amplitude is 8.50°. T =27 ee a 
4.00 m/s? +9.80 m/s 


EVALUATE: Fora pendulum of the same length and with its point of support at rest relative to the earth, 


L : . ; 
T=27 fe =2.11 s . The upward acceleration decreases the period of the pendulum. If the rocket were instead 

E 
accelerating downward, the period would be greater than 2.11 s. 

: : : l Ma jec! d . 
IDENTIFY: The object oscillates as a physical pendulum, so f = a1 ae . Use the parallel-axis theorem, 
T 

I=I,,,+Md > to find the moment of inertia of each stick about an axis at the hook. 
SETUP: The center of mass of the square object is at its geometrical center, so its distance from the hook is 
Lcos45° = L/V2 . The center of mass of each stick is at its geometrical center. For each stick, /,,, =m . 


EXECUTE: The parallel-axis theorem gives Z for each stick for an axis at the center of the square to be 
mL’ +m(L/2) =4mL and the total J for this axis is 4mL’ . For the entire object and an axis at the hook, applying 


the parallel-axis theorem again to the object of mass 4m gives J =4mL? +4m(L (V2) =LmL. 


ed 
fe [maagd _ 1 amgLIN2 _ 6 fe Shieh fe . 
27 I 2n\ mL 5/2 | 22 VL 2aVL 


EVALUATE: Justas for a simple pendulum, the frequency is independent of the mass. A simple pendulum of length 

L has frequency f = ~ JŽ and this object has a frequency that is slightly less than this. 
1 

IDENTIFY: Conservation of energy says K+U=E. 

SETUP: U=1kx’ and E =U x =1kd’. 

EXECUTE: (a) The graph is given in Figure 13.72. The following answers are found algebraically, to be used as a 

check on the graphical method. 


wa Pe = Oe Denar: 
k  \ (10.0 N/m) 


(c) £ =0.050 J. 


(d) U=LE. x= =0.141m. 


V2 


[2K fou v, J(2K,/m) K 
e) From Eq. (13.18), using v, =— 2 and x, = o o= g = |— = 0.429 and 
(e) q. ( ) 8 vo i 0 k ox, (kim) (QU, 1k) U, 


b= arctan(4/0.429 ) = 0.580 rad . 


13-18 


Chapter 13 


13.73. 


13.74. 


13.75. 


EVALUATE: The dependence of U on x is not linear and U =4U,,,, does not occur at x =4x 
U (J) 


max * 


x(m) 


—0.2 —0.1 0 0.1 0.2 
Figure 13.72 


IDENTIFY: T= 2m so the period changes because the mass changes. 


SET UP: = = -2.00 x10” kg/s . The rate of change of the period is Z 
t t 


EXECUTE: (a) When the bucket is half full, m =7.00 kg. T =27 Es =1.49 s 
125 N/m 


aT xd 2a dm m dm 
b) = = 2 (m?) = 1-1/2 = 
dt Jk dt 


= m = . 
Vk? dt mk dt 
£ = Z (-2.00x10° kg/s) =-2.12x10™ s pers. A is negative; the period is getting shorter. 
dt /(7.00 kg)(125 N/m) dt 
(c) The shortest period is when all the water has leaked out and m = 2.00 kg. Then T =0.795 s. 


EVALUATE: The rate at which the period changes is not constant but instead increases in time, even though the rate 
at which the water flows out is constant. 


IDENTIFY: Use F, =—kx to determine k for the wire. Then f = - ue ‘ 
a\m 


SETUP: F =mg moves the end of the wire a distance Al . 


2 
EXECUTE: The force constant for this wire is k = , so f= : E- L ee 230m): =11.1 Hz. 
Al 2nVm  2x\Al 2x \\2.00x10°m 


EVALUATE: The frequency is independent of the additional distance the ball is pulled downward, so long as that 
distance is small. 

IDENTIFY and SETUP: Measure x from the equilibrium position of the object, where the gravity and spring forces 
balance. Let +x be downward. 


(a) Use conservation of energy (Eq.13.21) to relate v, and x. Use Eq. (13.12) to relate T to k/m. 
EXECUTE: mvi + 3h? =$kd’ 

For x =0,4mv? =4kA’ and v= As/k/m, just as for horizontal SHM. We can use the period to calculate 
Vklm :T =2aJm/k implies Vklm =22/T. Thus v=27A/T =22(0.100 m)/4.20 s = 0.150 m/s. 

(b) IDENTIFY and SET UP: Use Eq.(13.4) to relate a, and x. 

EXECUTE: ma, =—kx so a, =—(k/m)x 

+x -direction is downward. so here x =—0.050 m 


a, =-(27/T) (0.050 m) = +(27/4.20 s)’ (0.050 m) = 0.112 m/s? (positive, so direction is downward) 


(c) IDENTIFY and SET UP: Use Eq.(13.13) to relate x and t. The time asked for is twice the time it takes to go from 
x=0 to x=+0.050 m. 
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13.77. 


EXECUTE: x(t) = Acos(@t+ @) 

Let ¢=-7/2, sox =0 att=0. Then x = Acos(@t — 2/2) = Asin øt = Asin(2zt/T). Find the time ¢ that gives 
x =+0.050 m: 0.050 m = (0.100 m) sin(2z#/T) 

2at/T = arcsin(0.50) = z/6 and t = 7/12 = 4.20 s/12 =0.350 s 


The time asked for in the problem is twice this, 0.700 s. 
(d) IDENTIFY: The problem is asking for the distance d that the spring stretches when the object hangs at rest from it. 
Apply Newton's 2nd law to the object. 
SETUP: The free-body diagram for the object is given in Figure 13.75. 
= kd 
amp $ EXECUTE: XF, =ma, 
mg —kd =0 
mg d =(m/k)g 
x 


Figure 13.75 


y 


But Vk/m =2z/T (part (a)) and m/k = (T/27)}° 
2 2 

T 4.20 
d=| >| g=| = | (9.80 m/s’) =4.38 m. 

2a 2 
EVALUATE: When the displacement is upward (part (b)), the acceleration is downward. The mass of the partridge is 
never entered into the calculation. We used just the ratio k/m, that is determined from T. 
IDENTIFY: x(t) = Acos(@t+¢), v, =—Aa@sin(at + ¢)and a, =-@’x. @=27/T . 
SETUP: x=Awhen t=O gives ¢=0. 


EXECUTE: x =(0.240 m)eos{ at i v = ARUZ) sin( ai J- (1.00530 mys)sin{ at i 
1.50 s (1.50 s) 1.50 s 1.50 s 


2 
a= A ) (0.240 m)eos{ am )-+{42110 my/s")oos{ eit } 
1.50 s 1.50 s 1.50 s 


(a) Substitution gives x =—0.120 m, or using t = 3 gives x= Á cos 120° = 4 . 
(b) Substitution gives ma, = +(0.0200 kg)(2.106 m/s*) = 4.21107 N, in the + x-direction. 


(c) t= £ arccos (54) =0.577 s. 

(d) Using the time found in part (c), v = 0.665 m/s. 

EVALUATE: We could also calculate the speed in part (d) from the conservation of energy expression, Eq.(13.22). 
IDENTIFY: Apply conservation of linear momentum to the collision between the steak and the pan. Then apply 
conservation of energy to the motion after the collision to find the amplitude of the subsequent SHM. Use Eq.(13.12) 
to calculate the period. 

(a) SET Up: First find the speed of the steak just before it strikes the pan. Use a coordinate system with +y 


downward. 
w, =0 (released from the rest); y—y, =0.40 m; a, =+9.80 m/s’; v, =? 


v =v, +2a,(y— Yo) 


EXECUTE: v, = +,/2a,(y—yp) = +¥2(9.80 m/s?)(0.40 m) = +2.80 m/s 


SETUP: Apply conservation of momentum to the collision between the steak and the pan. After the collision the 
steak and the pan are moving together with common velocity v, . Let A be the steak and B be the pan. The system 


before and after the collision is shown in Figure 13.77. 


before after 


Figure 13.77 
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EXECUTE: P, conserved: mV, + 7gV5,, = (Mm; +mMg)Va, 

MV 4 =(m,+Mz)V, 

y,=|—4— |v, = aoe (2.80 m/s) =2.57 m/s 
m,+mM, 2.2 kg + 0.20 kg 


(b) SETUP: Conservation of energy applied to the SHM gives: }mv, +4kx, =4kA’ where v, and x, are the initial 


speed and displacement of the object and where the displacement is measured from the equilibrium position of the object. 
EXECUTE: The weight of the steak will stretch the spring an additional distance d given by kd = mg so 


2 
d= aa ie a W 0.0539 m. So just after the steak hits the pan, before the pan has had time to move, 
m 


the steak plus pan is 0.0539 m above the equilibrium position of the combined object. Thus x, = 0.0539 m. From part 


(a) v =2.57 m/s, the speed of the combined object just after the collision. Then +mv, ++kxg =5kA’ gives 


2, 2 2 2 
pa m +i - kg(2.57 m/s)? + (400 N/m)(0.0539 m)? _ 94, m 
k 400 N/m 
2.4 kg 
T =2aVm/k =22,/———— =0.49 
(OE TARNE S EE ONI . 


EVALUATE: The amplitude is less than the initial height of the steak above the pan because mechanical energy is 
lost in the inelastic collision. 


IDENTIFY: f = = z . Use energy considerations to find the new amplitude. 
a\m 


SET Up: f =0.600 Hz, m=400kg; f= né gives k =5685 N/m. This is the effective force constant of the two springs. 
(a) After the gravel sack falls off, the remaining mass attached to the springs is 225 kg. The force constant of the 
springs is unaffected, so f =0.800 Hz. To find the new amplitude use energy considerations to find the distance 
downward that the beam travels after the gravel falls off. Before the sack falls off, the amount xp that the spring is 
stretched at equilibrium is given by mg —kx,, so x, =mg/k = (400 kg)(9.80 m/s”)/(5685 N/m) = 0.6895 m. The 
maximum upward displacement of the beam is A = 0.400 m above this point, so at this point the spring is 

stretched 0.2895 m. With the new mass, the mass 225 kg of the beam alone, at equilibrium the spring is stretched 
mg/k =(225 kg)(9.80 m/s”) /(5685 N/m) = 0.6895 m. The new amplitude is therefore 0.3879 m—0.2895 m =0.098 m. 
The beam moves 0.098 m above and below the new equilibrium position. Energy calculations show that v = 0 when 
the beam is 0.098 m above and below the equilibrium point. 

(b) The remaining mass and the spring constant is the same in part (a), so the new frequency is again 0.800 Hz. 

The sack falls off when the spring is stretched 0.6895 m. And the speed of the beam at this point is v = Avkim = 
(0.400 m),/(5685 N/m)/(400 kg) =1.508 m/s. Take y =0 at this point. The total energy of the beam at this point, just 
after the sack falls off, is E = K +U a +U „ay =+(225 kg)(1.508 m/s’) +4(5695 N/m)(0.6895 m)? +0=1608 J. Let 


this be point 1. Let point 2 be where the beam has moved upward a distance d and where v=0. 


grav 


E,=4 (0.6985 m-d)" +mgd. E =E, gives d =0.7275 m. At this end point of motion the spring is compressed 


0.7275 m — 0.6895 m = 0.0380 m. At the new equilibrium position the spring is stretched 0.3879 m, so the new 
amplitude is 0.3789 m + 0.0380 m = 0.426 m. Energy calculations show that v is also zero when the beam is 0.426 m 
below the equilibrium position. 

EVALUATE: The new frequency is independent of the point in the motion at which the bag falls off. The new 
amplitude is smaller than the original amplitude when the sack falls off at the maximum upward displacement of the 
beam. The new amplitude is larger than the original amplitude when the sack falls off when the beam has maximum 
speed. 

IDENTIFY and SET UP: Use Eq.(13.12) to calculate g and use Eq.(12.4) applied to Newtonia to relate g to the mass 
of the planet. 

EXECUTE: The pendulum swings through + cycle in 1.42 s, so T= 2.84 s. L = 1.85 m. Use T to find g: 


T =22JLig sog=L(22/T) =9.055 m/s? 
Use g to find the mass M, of Newtonia: g = GM ,/R? 
27k, =5.14x10’ m, so R, =8.18x10° m 


R? 
m, =£ =9.08%10" kg 
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EVALUATE: gis similar to that at the surface of the earth. The radius of Newtonia is a little less than earth's radius 
and its mass is a little more. 


IDENTIFY: F =—kx allows us to calculate k. T=22Vm/k . x(t) = Acos(at+¢). F.,, =—kx . 
SETUP: Let ¢=7/2 so x(t) = Asin(at). At t=0, x =0 and the object is moving downward. When the object is 


below the equilibrium position, Fring is upward. 
EXECUTE: (a) Solving Eq. (13.12) for m , and using k = £ 
2 2 
ies TYF (1) 40.0N = 4.05 kg, 
22) Al \2a) 0.250m 


(b) ¢ =(0.35)7, and so x =—Asin[27(0.35)] =—0.0405 m. Since ¢ > 7/4, the mass has already passed the lowest point 


of its motion, and is on the way up. 
(c) Taking upward forces to be positive, F, 


spring 
80 F ying = —(160 N/m)( -0.030 m) + (4.05. kg)(9.80 m/s”) = 44.5 N. 


EVALUATE: When the object is below the equilibrium position the net force is upward and the upward spring force 
is larger in magnitude than the downward weight of the object. 
IDENTIFY: Use Eq.(13.13) to relate x and t. T=3.5 s. 


SETUP: The motion of the raft is sketched in Figure 13.81. 
X +A 


-mg = —kx, where x is the displacement from equilibrium, 


dock a Let the raft be at x =+A4 
- f--x=0 when ¢=0. Then ¢=0 and 
$, ari x(t) = Acos æt. 


Figure 13.81 
EXECUTE: Calculate the time it takes the raft to move from x =+A = +0.200 m to x = A- 0.100 m = 0.100 m. 
Write the equation for x(t) in terms of T rather than œ: @=2z/T gives that x(t) = Acos(2zt/T) 
x=A at t=0 
x =0.100 m implies 0.100 m =(0.200 m) cos(2zt/T) 
cos (2t/T) =0.500 so 22t/T = arccos(0.500) =1.047 rad 
t =(7/27)(1.047 rad) = (3.5 s/27)(1.047 rad) = 0.583 s 
This is the time for the raft to move down from x =0.200m to x =0.100 m. But people can also get off while the raft 


is moving up from x =0.100 m to x =0.200 m, so during each period of the motion the time the people have to get 
off is 2t = 2(0.583 s)=1.17 s. 


EVALUATE: The time to go from x=0 to x=A and return is 7/2=1.75 s. The time to go from x= A/2 to A and 
return is less than this. 
IDENTIFY: T=2z2/@. F.(r)=—hr to determine k. 
GM m 
5r 
Rg 
EXECUTE: a, = F/m is in the form of Eq.(13.8), with x replaced by r, so the motion is simple harmonic. 


6 
k= ai . 0 = JE os ==. The period is then T = an =2n, e = = 5070 s, or 84.5 min. 
R; m R, R w g 9.80 m/s 


EVALUATE: The period is independent of the mass of the object but does depend on R, , which is also the 


SET Up: Example 12.10 derives F (r)=- 


amplitude of the motion. 


IDENTIFY: If F\, =kxv, then œ= fe . Calculate F.... If it is of this form, calculate k. 
m 


net * 


SET Up: The gravitational force between two point masses is F, = G “=. and is attractive. The forces on M are 
r 


sketched in Figure 13.83. 


d2 dj2 
Figure 13.83 
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EXECUTE: (a) r=4//(d/2} +x ~d/2,if x<<d. tand= aD = =. The net force is toward the original position 
of M and has magnitude F «= 2G sind . Since @ is small, sin@ ~ tan 8 = = nd Fa = (Sar) . This is a 


13.84. 


13.85. 


13.86. 


13.87. 


restoring force. 


(b) Comparing the result in part (a) to F « =kx gives k = ae o= ft- ae ot -= ST ; 


= 2.40x10° s=40 min. This period is short enough that a 


OT- z(0.250 m) | 0.250 m 


2 (6.67x10'' N-m’/kg’)(100 kg) 
patient person could measure it. The experiment would have to be done such that the gravitational forces are much 
larger than any other forces on M. The gravitational forces are very weak, so other forces, such as friction, forces 
from air currents, etc., would have to be kept extremely small. 

(d) If M is displaced toward one of the fixed masses there is a net force on M toward that mass and therefore away 
from the equilibrium position of M. The net force is not a restoring force and M would not oscillate, it would continue 
to move in the direction in which it was displaced. 

EVALUATE: The period is very long because the restoring force is very small. 


IDENTIFY: U(x)-U(x,)= ” F dx . In part (b) follow the steps outlined in the hint. 
0 gre p p 


SETUP: In part (a), let x, = 0 and ca =U(0) =0. The time for the object to go from x=0 to x=Ais T/4. 
EXECUTE: (a) U=-| Fdx=c| xdx=— 
(a) U=-[" if ra 


2 


(b) From conservation of energy, +mv? = AGI x). v, = dt. Integrating from 0 to A with 


Kai 


i a dx | c x 
respect to x and from 0 to 7/4 with respect to t, Í = T To use the hint, let u =—, so that 
o JA -xt 2m 4 A 


dx =a du and the upper limit of the u-integral is u =1. Factoring A’ out of the square root, 


=f, ch Se ea | € T which may be expressed as T=141 jm, 
ofi- A 32m A Nc 


(c) The me does depend on amplitude, and the motion is not simple harmonic. 
EVALUATE: Simple harmonic motion requires F, = —kx , where k is a constant, and that is not the case here. 


IDENTIFY: Find the x-component of the vector V, in Figure 13.6a in the textbook. 

SETUP: v,=-v,,8in@ and 0@=at+¢. 

EXECUTE: vV, =—y,,,Sin@ . Substituting for v,,, and @ gives Eq. (13.15). 

EVALUATE: At t=0, Q is on the x-axis and has zero component of velocity. This corresponds to v, = 0 in Eq.(13.15). 


IDENTIFY: mV =P. 


im =P. K = p’/2m for a single object and the total kinetic energy of the two masses is just the sum 
of their individual kinetic energies. 
SET Up: Momentum is a vector and kinetic energy is a scalar. 
EXECUTE: (a) For the center of mass to be at rest, the total momentum must be zero, so the momentum vectors 
must be of equal magnitude but opposite directions, and the momenta can be represented as p and — P. 

2: 2 
b) Ka =2-=—" — 
2m 2(m/2) 


(c) The argument of part (a) is valid for any masses. The kinetic energy is 
Pee AN -põrm p 
ı 2m, 2\ mm, 2(mm,/(m, +m,)) 


EVALUATE: If m, =m, =m , the reduced mass is m/2 . If m, >> m, , then the reduced mass is m, . 


IDENTIFY: F, = —dU/dr . The equilibrium separation r,, is given by F(r„)=0 . The force constant k is defined by 


F.=-kx. f= l fe , where m is the reduced mass. 
m 


2a 
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SETUP: d(r")/dr=-nr"”,, for n21. 


5 
EXECUTE: (a) F. = a - (4) : | 


9 


dr r r 
Te i 
(b) Setting the above expression for F, equal to zero, the term in square brackets vanishes, so that + =—, or 
rqa Faq 
7 7 
Ro = Ta and Ta = Ry. 


7A -19 
c) U(R,) =-—— =-7.57x10 J. 
(©) U(R,) BR, 
(d) The above expression for F. can be expressed as 


A -9 -2 A F z 
r- [=] |- Alor —(1+(/R,))? ] 


F x Lia —9(x/R,))- (1 -2(x/R,))] = Lo x/R,) = {$}: 


0 0 : 
1 1 [7A A 
e =—Vk/m =— =8.39x10°Hz. 
Os 2r On Rum 


0 
EVALUATE: The force constant depends on the parameters A and R, in the expression for U(r). The minus sign in 


the expression in part (d) shows that for small displacements from equilibrium, F. is a restoring force. 
IDENTIFY: Apply Èr, =I m&, and XF, = Ma,,,_, to the cylinders. Solve for a,,,_,. Compatre to Eq.(13.8) to find the 


angular frequency and period, T = 27. 
SET Up: 


y 
Let the origin of coordinate be at the 
center of the cylinders when they are 
x at their equilibrium position. 


Figure 13.88a 


The free-body diagram for the cylinders when they are displaced a distance x to the left is given in Figure 13.88b. 
y 


EXECUTE: 

` T, =1,, 0, 
f.R= (SMR Yar 
f.=3MRa 

But Ra = a,n SO 
Js = 7 Ma, 


Figure 13.88b 


DF =ma, 

Js — kx = —Ma,,, 

1 Mam —kx = -Ma 
kx =+Ma,,, 
(2k/3M)X = Gon 
Eq. (13.8): a, =—@°x (The minus sign says that x and a, have opposite directions, as our diagram shows.) Our 
result for a,,, is of this form, with œ =2k/3M and w= 2k/3M. Thus T =22/@=22V3M/2k. 


EVALUATE: _ If there were no friction and the cylinder didn’t roll, the period would be 27 M/k. The period when 
there is rolling without slipping is larger than this. 


cm 
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13.89. IDENTIFY: Apply conservation of energy to the motion before and after the collision. Apply conservation of linear 
momentum to the collision. After the collision the system moves as a simple pendulum. If the maximum angular 
displacement is small, f -+ fg ; 

2m\L 
SETUP: In the motion before and after the collision there is energy conversion between gravitational potential 
energy mgh , where h is the height above the lowest point in the motion, and kinetic energy. 


EXECUTE: Energy conservation during downward swing: m,gh,=4m,v’ and 


v= [2għ, =./2(9.8 m/s?)(0.100 m) =1.40 m/s. 


my _ (2.00 kg)(1.40 m/s) 
m, +m, 5.00 kg 
_ (0.560 m/s)” 
2(9.80 m/s”) 


Figure 13.89 shows how the maximum angular displacement is calculated from h, . cos@ = see om and 0 =14.5°. 


.0 cm 
2 
f= 1 fE- 1 {9.80 m/s Lega 
2a\NI 2mæ\ 0.500 m 


EVALUATE: 14.5° = 0.253 rad. sin(0.253 rad) =0.250. sin@ ~ 8 and Eq.(13.34) is accurate. 


Momentum conservation during collision: m,v =(m,+m,)V and V = = 0.560 m/s . 


= 0.0160 m =1.60 cm. 


Energy conservation during upward swing: Mgh, = Zm Vand h, =V°/2g 


50.0cm — 1.60cm = 48.4cm 


hy = 1.60cm 
Figure 13.89 
13.90. IDENTIFY: TJ =27,/I/mgd 


SETUP: The model for the leg is sketched in Figure 13.90. T =27,/I/mgd, m=3M . d = y, =i") Fora 


m +m 


rod with the axis at one end, / = 1ML’ . For a rod with the axis at its center, 7 = ML s 
_ 2M ([1.55 m]/2)+M (1.55 m+[1.55 m]/2) 

3M 
I, =4+(2M)(1.55 m} =(1.602 m’)M . I, 


EXECUTE: d 


=1.292 m. J+/,+/,. 


=4M(1.55 m)’. The parallel-axis theorem (Eq. 9.19) gives 


scm 


L, =L, m +M (1.55 m + [1.55 m]/2} = (5.06 m*)M . I =I, +1, =(7.208 m°)M . Then 
2 
T =22JI/mgd =27 ek = me =2.74 s. 
(3M)(9.80 m/s*)(1.292 m) 


EVALUATE: This is a little smaller than T = 2.9 s found in Example 13.10. 


} 
M fe m 
4 
, 
Figure 13.90 
13.91: IDENTIFY: The motion is simple harmonic if the equation of motion for the angular oscillations is of the form 
ae = i , and in this case the period is T = Qa K 


SET Up: For a slender rod pivoted about its center, J = ML’ 
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2 
EXECUTE: The torque on the rod about the pivot is T = G o) .tT=la=I A gives 


2 2 2 
J z = re [4g week 0. 2 2 is proportional to 8 and the motion is angular SHM. kua , T=27, |M., 
dt I M dt I M 3k 


EVALUATE: The expression we used for the torque, 7 = {x50} , is valid only when @ is small enough for 
sin = @and cos@ #1. 


IDENTIFY and SETUP: Eq. (13.39) gives the period for the bell and Eq. (13.34) gives the period for the clapper. 
EXECUTE: The bell swings as a physical pendulum so its period of oscillation is given by 


T =2r,/Iimgd = 2718.0 kg-m?/(34.0 kg)(9.80 m/s”)(0.60 m) = 1.885 s 


The clapper is a simple pendulum so its period is given by T = 2m4 L/g. 


Thus L = g(7/2z) =(9.80 m/s”)(1.885 s/27)° =0.88 m. 


EVALUATE: Ifthe cm of the bell were at the geometrical center of the bell, the bell would extend 1.20 m from the 
pivot, so the clapper is well inside tbe bell. 


IDENTIFY: The object oscillates as a physical pendulum, with f = = Me, where M is the total mass of the 
m 


object. 
SETUP: The moment of inertia about the pivot is 2(1/ 3)MĽ = (2/3) ML’, and the center of gravity when balanced 


is a distance d = L/ (2/2) below the pivot. 


EXECUTE: The frequency is f = vee | ee es | 6g ; 
T 2n\4V2L 4r\N2L 


. 1 fg. ; _ 1/6, é 
EVALUATE: If f =—,|< is the frequency for a simple pendulum of length L, f =—,/—=f,, =1.03 f. 
fe=s NT quency ple p gth L, f Nge So 


IDENTIFY and SETUP: Use Eq. (13.34) for the simple pendulum. Use a physical pendulum (Eq.13.39) for the 
pendulum in the case. 


EXECUTE: (a)T=2m [Lig and L= g(T/2m)} =(9.80 m/s*)(4.00 s/27)} =3.97 m 

(b) Use a uniform slender rod of mass M and length L = 0.50 m. Pivot the rod about an axis that is a distance d above 
the center of the rod. The rod will oscillate as a physical pendulum with period T = 27m4 I/Mgd . 

Choose d so that T = 4.00 s. 

I=] „+ Md’ = ML +Md*=M(SV +d’) 


1 72 $k 2 2 
T=27 ey aa ) 2% bL +d 
ie gd 


Solve for d and set L = ne m and T =4.00 s: 

gd(T/2ny =L +d? 

d?’ —(T/2ny gd + 17/12 =0 

d? —(4.00 s/27)° (9.80 m/s*)d + (0.50 m)*/12 =0 

d’ —3.9718d + 0.020833 =0 

The quadratic formula gives 

d =4[3.9718+ 6.9718)" —4(0.020833)] m 

d =(1.9859 +1.9806) m so d =3.97 m or d =0.0053 m. 

The maximum value d can have is L/2=0.25 m, so the answer we want is d = 0.0053 m = 0.53 cm. 


Therefore, take a slender rod of length 0.50 m and pivot it about an axis that is 0.53 cm above its center. 
EVALUATE: Note that T >œ as d —>0 ae at center of rod) and that if the pivot is at the top of rod then 


pt 2 

d = L/2 and T=27 ab = 27 2030 n =1.16 s, which is less than the desired 
n 7430.80 m/s’) 

4.00 s. Thus it is reasonable to expect i there is a ao of d between 0 and L/2 for which T = 4.00 s. 
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IDENTIFY: The angular frequency is given by Eq.(13.38). Use the parallel-axis theorem to calculate / in terms of x. 
(a) SET UP: 


j O (pivot) 
x 
L cg æ = Jmgdll 


Figure 13.95 


d =x, the distance from the cg of the object (which is at its geometrical center) from the pivot 
EXECUTE: / is the moment of inertia about the axis of rotation through O. By the parallel axis theorem 


I,=md’?+I..I. =4mL (Table 9.2), so I, =mx +5}mĽ. @= mex =| & 
0 cm cm 12 ( ) 0 12 ae 7427/12 


x"? 
(b) The maximum @ as x varies occurs when da/dx =0. L =0 gives 4g TERT 
dx | (x? +LN2) 


i 1 2x (x!2) =0 
APND 2 4 17/12)°” 
-1/2 2x” 5 
x? +L7/12 


x? +L/12=2x° so x=L/V12. Get maximum @ when the pivot is a distance L//12 above the center of the rod. 
(c) To answer this question we need an expression for @,,,,: 


In w= ae substitute x = L/V12. 
x7 + 


IS ALND 1/2 12 -1/4 5 
N ae FE ~ ae Vg/L(12) "(6)" = ygiL 3)" 
Oe, =(g/L)V3 and L= gV3/e%,, 


(9.80 m/s?) V3 
(27 rad/s)’ 


EVALUATE: @—0 as x0 and ø — ,/3¢/(2L) =1.225,/g/L when x L/2. @,,,, is greater than the x = L/2 


max 


Onx = 20 rad/s gives L= = 0.430 m. 


max 


and define kp by Fy =—Kegpx. T =27m4m/ kge - 
SET Up: Ifthe elongations of the springs are x,and x,, they must satisfy x, +x, =0.200 m 


value. A simple pendulum has w= g/L; @,,,, is greater than this. 


IDENTIFY: Calculate F 


net 


EXECUTE: (a) The net force on the block at equilibrium is zero, and so kx, =k,x, and one spring (the one with 
k, = 2.00 N/m ) must be stretched three times as much as the one with k, = 6.00 N/m. The sum of the elongations is 


0.200 m, and so one spring stretches 0.150 m and the other stretches 0.050 m, and so the equilibrium lengths are 
0.350 m and 0.250 m. 
(b) When the block is displaced a distance x to the right, the net force on the block is 


k, (x, +x) +k, (x, =x) =[kx -kx ]-(4, +k,)x. From the result of part (a), the term in square brackets is zero, and 


so the net force is -(k, +k, )x, the effective spring constant is k, =k, +k, and the period of vibration is 


T=27 SCONE =0.702 s 

EVALUATE: The motion is the same as if the block were attached to a single spring that has force constant k,, 
IDENTIFY: In each situation, imagine the mass moves a distance Ax, the springs move distances Ax, and Ax,, with 
forces F =—-k,Ax,, F, =—-k,Ax,. 


SETUP: Let Ax and Ax, be positive if the springs are stretched, negative if compressed. 
EXECUTE: (a) Ax=Ax,=Ax,, F =F +F, =—(k, +k,)Ax, 80 k =k, +k. 
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(b) Despite the orientation of the springs, and the fact that one will be compressed when the other is extended, 
Ax = Ax, — Ax, and both spring forces are in the same direction. The above result is still valid; k,, =k, +k. 
(c) For massless springs, the force on the block must be equal to the tension in any point of the spring combination, 
Bid RS ie gs TREE ree ae pre E cys sae 
k k. ko k, kik, ki +k, 


2 
(d) The result of part (c) shows that when a spring is cut in half, the effective spring constant doubles, and so the 


1 


frequency increases by a factor of V2. 

EVALUATE: In cases (a) and (b) the effective force constant is greater than either k, or k, and in case (c) it is less. 
IDENTIFY: Follow the procedure specified in the hint. 

SETUP: T=2z,/L/g 


EXECUTE: (a) 7+AT x 22VL (e -gag |=7-7 28, so AT =-(1/2)(T/g)Ag. 
g 


2(4.00 s) 
(86,400 s) 
EVALUATE: The result in part (a) says that T increases when g decreases, and the magnitude of the fractional 
change in T is one-half of the magnitude of the fractional change in g. 


IDENTIFY: Follow the procedure specified in the hint. 
SET Up: Denote the position of a piece of the spring by /; / =0 is the fixed point and / = L is the moving end of the 


(b) The clock runs slow; AT >0, Ag <0 and g+Ag= ei a = (9.80 m/i- ]=2791 m/s’. 


spring. Then the velocity of the point corresponding to /, denoted u, is u(l ) = vi (when the spring is moving, 


I will be a function of time, and so u is an implicit function of time). 
2 1 Mv’ 
2R 


P dl and K=[ dK = 


2 L 2 
(a) dm =Ma, and so dK =sdm u My je q- 
0 


2P 


(b) mv E+ ke =0, or ma+kx =0, which is Eq. (13.4). 


i M = [3k ' M 
(c) m is replaced by 3> 50 O= AM and M 3 
EVALUATE: The effective mass of the spring is only one-third of its actual mass. 


IDENTIFY: T =27,/1/mgd 


SET UP: With J =(1/3) ML’ and d = L/2 in Eq. (13.39), T, =2x./2L/3g. With the added 


mass, 1 = M((L’/3)+y’), m=2M and d =(L/4)+y/2. T =27 (L/3+y)/(e(L/2+y)) and 


T |P +3y f ETEA aes 
r=— = |- —. The graph of the ratio r versus y is given in Figure 13.100. 
T, V2+2yL 


r 


0.9 


y (m) 
0.2 0.4 0.6 0.8 


Figure 13.100 


(b) From the expression found in part (a), T =T, when y =4ZL. At this point, a simple pendulum with length y 


would have the same period as the meter stick without the added mass; the two bodies oscillate with the same period 
and do not affect the other’s motion. 

EVALUATE: Adding the mass can either increase or decrease the period, depending on where the added mass is 
placed. 
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IDENTIFY: Eq.(13.39) says T =22,/I/mgd x 

SETUP: Let the two distances from the center of mass be d, and d,. There are then two relations of the form of 
Eq. (13.39); with Z, =I.,, +md? and I, = I „+ md} . 

EXECUTE: These relations may be rewritten as mgd, T? = 47° (i + md; ) and mgd,T* =47° (ig +md;). 
Subtracting the expressions gives mg (d, - d, )T’ = 4x°m(d; - d;) =4n’m(d, —d,)(d, +d,). Dividing by the 
common factor of m(d,—d,) and letting d, +d, =L gives the desired result. 

EVALUATE: The procedure works in practice only if both pivot locations give rise to SHM for small oscillations. 
IDENTIFY: Apply XF = mä to the mass, with a=a,,,=ra’. 


SET UP: The spring, when stretched, provides an inward force. 


EXECUTE: Using œl for the magnitude of the inward radial acceleration, ma’ = kK(1-1,), or l= 7 


(b) The spring will tend to become unboundedly long. 

EXECUTE: As resonance is approached and / becomes very large, both the spring force and the radial acceleration 
become large. 

IDENTIFY: For a small displacement x, the force constant k is defined by F, = —kx . 


SET UP: Let r =R +x, sO that r-R, =xand F= Ale?” ao 5) 


EXECUTE: When x is small compared to b™', expanding the exponential function gives 
F x A [(1—2bx) -(1—bx)] =—Abx, corresponding to a force constant of Ab = 579 N/m. 
EVALUATE: Our result is very close to the value given in Exercise 13.40. 
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14.1. 


14.2. 


14.3. 


14.4. 


14.5. 


14.6. 


IDENTIFY: Use Eq.(14.1) to calculate the mass and then use w=meg to calculate the weight. 
SETUP: p=m/V so m=pV From Table 14.1, 9=7.8x10° kg/m’. 
EXECUTE: Fora cylinder of length L and radius R, V =(2R?)L = (0.01425 m)?(0.858 m) = 5.474x10* m°. 


Then m = pV =(7.8x10° kg/m’)(5.474x10% m°) = 4.27 kg, and w= mg = (4.27 kg)(9.80 m/s?) = 41.8 N (about 
P g 8 


9.4 lbs). A cart is not needed. 

EVALUATE: The rod is less than 1m long and less than 3 cm in diameter, so a weight of around 10 lbs seems 
reasonable. 

IDENTIFY: Convert gallons to kg. The mass m of a volume V of gasoline is m = pV . 


SETUP: 1 gal =3.788 L =3.788x10° m°. 1 m° of gasoline has a mass of 737 kg. 


3 
EXECUTE: 45.0 mi/gal = (45.0 mi/gal) l az - Imi aga nies 
3.788 x 10° m` )\ 737 kg 


EVALUATE: 1 gallon of gasoline has a mass of 2.79 kg. The car goes fewer miles on 1 kg than on 1 gal, since 
1 kg of gasoline is less gasoline than 1 gal of gasoline. 
IDENTIFY: p=m/V 


SET Up: The density of gold is 19.3x10° kg/m’. 

EXECUTE: V =(5.0x10° m)(15.0x10~ m)(30.0x10° m) =2.25x10° m°. 
m 0.0158 kg 

POT 225x10° m 

EVALUATE: The average density is only 36% that of gold, so at most 36% of the mass is gold. 


IDENTIFY: Find the mass of gold that has a value of $1.00 x10°. Then use the density of gold to find the volume 
of this mass of gold. 


SET Up: For gold, 9 =19.3x10° kg/m’. The volume V of a cube is related to the length L of one side by V =L’. 
1 troy ame | LS x 107 kg 


= 7.02 x10° kg/m’. The metal is not pure gold. 


EXECUTE: m=($1.00x10°) 
$426.60 


m 
=72.9 kg. p =— so 
1 troy ounce Pr V 


m 72.9 kg 
p 19.3x10° kg/m? 
EVALUATE: The cube of gold would weigh about 160 Ibs. 
IDENTIFY: Apply p=m/V to relate the densities and volumes for the two spheres. 


=3.78x10” m’. L=V'? =0.156 m=15.6 cm. 


SETUP: Fora sphere, V =4zr°. For lead, p, =11.3x10° kg/m’ and for aluminum, p, =2.7x10° kg/m’. 


2 (113x10) 
“OX 
EXECUTE: m= pV =4nr’p. Same mass means r;p, =7;'p, - hA] = z| =16. 
1 Aa 2.7x10 
EVALUATE: The aluminum sphere is larger, since its density is less. 


IDENTIFY: Average density is p =m/V . 


SETUP: Fora sphere, V =47R*. The sun has mass M „=1.99x10” kg and radius 6.96x10° m. 


M, 1.99x10" kg 1.99x10" kg 
EXECUTE: (a) p=—“"= ws Te 
Vaa 4x(6.96x10°m)*? 1.41210?" m 


sun 


1.99x10° kg _ 1.99x10" kg 
47(2.00x10* m} 3.35110" m’ 


= 1.409 x 10° kg/m? 


(b) p= =5,94x10'° kg/m’ 
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14.9, 


14.10. 


14.11. 


14.12. 


EVALUATE: For comparison, the average density of the earth is 5.5x10° kg/m’. A neutron star is extremely 


dense. 
IDENTIFY: w=mg and m= pV . Find the volume V of the pipe. 


SET Up: For a hollow cylinder with inner radius R, , outer radius R, , and length Z the volume is V=7(R; — R, JL. 
R =1.25x107 mand R, =1.75x107 m 

EXECUTE: V =7({0.0175 m} —[0.0125 m]’)(1.50 m) =7.07x10~ m°. 

m= pV =(8.9x10° kg/m*)(7.07 x10~ m°) =6.29 kg. w=mg=61.6N. 


EVALUATE: The pipe weights about 14 pounds. 
IDENTIFY: The gauge pressure p- p, at depth h is p- p, = pgh . 


SETUP: Ocean water is seawater and has a density of 1.03x10° kg/m’. 
EXECUTE: p-p, =(1.03x10° kg/m*)(9.80 m/s?)(3200 m) =3.23x10" Pa. 
l atm 
1.013x10° Pa 


EVALUATE: The gauge pressure is about 320 times the atmospheric pressure at the surface. 
IDENTIFY: The gauge pressure p- p, at depth h is p- p, = pgh . 


P- p, =(3.23x10" Pal )=319 atm . 


SET Up: Freshwater has density 1.00x10° kg/m* and seawater has density 1.03x10° kg/m’. 
EXECUTE: (a) p- p, =(1.00x10° kg/m’)(3.71 m/s?)(500 m) =1.86x10° Pa. 
6 
b) b= PPe el 
pg (1.03x10° kg/m*)(9.80 m/s”) 


EVALUATE: The pressure at a given depth is greater on earth because a cylinder of water of that height weighs 
more on earth than on Mars. 
IDENTIFY: The difference in pressure at points with heights y, and y,is p- p, = eg(y, —y,) . The outward 


84 m 


force F, is related to the surface area A by F, = pA. 

SETUP: For blood, p =1.06x10° kg/m’. y,—y, =1.65 m. The surface area of the segment is 7DL , where 
D=1.50x10° mand L=2.00x107 m. 

EXECUTE: (a) p,- p, =(1.06x10° kg/m*)(9.80 m/s’)(1.65 m) =1.71x10* Pa. 

(b) The additional force due to this pressure difference is AF, =(p,— p,)A. 

A=aDL =2(1.50x107 m)(2.00x107 m)=9.42x10° m°. AF, =(1.71x10* Pa)(9.42x10° m*)=1.61N. 
EVALUATE: The pressure difference is about + atm. 

IDENTIFY: Apply p=p,+pgh. 

SET Up: Gauge pressure is p— Pyr- 


EXECUTE: The pressure difference between the top and bottom of the tube must be at least 5980 Pa in order to 
force fluid into the vein: pgh = 5980 Pa and 


2. 
_ 5980 Pa _ 5980 N/m re 


h = = 
gh (1050 kg/m’*)(9.80 m/s’) 


EVALUATE: The bag of fluid is typically hung from a vertical pole to achieve this height above the patient’s arm. 
IDENTIFY: Po = Pute t Ogh Where P ortce 18 the pressure at the surface of a liquid and p, is the pressure at a 
depth A below the surface. 

SET Up: The density of water is 1.00x10° kg/m’. 

EXECUTE: (a) For the oil layer, P stce = Pam aNd po is the pressure at the oil-water interface. 

Po — Pam = Peage = Pgh = (600 kg/m*)(9.80 m/s*)(0.120 m) = 706 Pa 

(b) For the water layer, P urtee = 706 Pa + Pum- 

Po — Pam = Peauge = 106 Pa + ogh = 706 Pa + (1.00 10° kg/m*)(9.80 m/s*)(0.250 m) = 3.16x10° Pa 


EVALUATE: The gauge pressure at the bottom of the barrel is due to the combined effects of the oil layer and 
water layer. The pressure at the bottom of the oil layer is the pressure at the top of the water layer 
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14.16. 
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IDENTIFY: An inflation to 32.0 pounds means a gauge pressure of 32.0 1b/in.? . The contact area A with the 
pavement is related to the gauge pressure p -— p, in the tire and the force F, the tire exerts on the pavement by 
F, =(p- p,)A . By Newton's third law the magnitude of the force the tire exerts on the pavement equals the 
magnitude of the force the pavement exerts on the car, and this must equal the weight of the car. 
SETUP: 14.7 lb/in? =1.01310° Pa =1 atm. Assume p, =1 atm. 
EXECUTE: (a) The gauge pressure is 32.0 Ib/in. =2.21x10° Pa =2.18 atm. The absolute pressure is 
46.7 lb/in? =3.22x10° Pa =3.18 atm. 
(b) No, the tire would touch the pavement at a single point and the contact area would be zero. 

F, _ 956x10 N 
p-p, 221x10* Pa 


c) F, =mg =9.56x10 N. A= =0.0433 m? = 433 cm’. 
1 S 


; . _.. [433 cm? do 
EVALUATE: Ifthe contact area is square, the length of each side for each tire is a =10.4 cm. This isa 


realistic value, based on our observation of the tires of cars. 
IDENTIFY and SET UP: Use Eq.(14.8) to calculate the gauge pressure at this depth. Use Eq.(14.3) to calculate the 
force the inside and outside pressures exert on the window, and combine the forces as vectors to find the net force. 


EXECUTE: (a) gauge pressure = p — p, = pgh From Table 14.1 the density of seawater is 1.03x10° kg/m’, so 
P — p, = pgh =(1.03x10° kg/m’)(9.80 m/s*)(250 m) = 2.52x10° Pa 
(b) The force on each side of the window is F = pA. Inside the pressure is pọ and outside in the water the pressure 


is p= p, + pgh. The forces are shown in Figure 14.14. 


inside bell | outside bell The net force is 
F,-F, =(p, + pgh)A- pyA =(pgh)A 
Sa EA F, —F, =(2.52x10° Pa)z(0.150 m)? 


Fi =P,A r= (Py+pshya 
5 F,- F, =1.78x10° N 
Figure 14.14 

EVALUATE: The pressure at this depth is very large, over 20 times normal air pressure, and the net force on the 
window is huge. Diving bells used at such depths must be constructed to withstand these large forces. 
IDENTIFY: P gauge m Po F. Pam = pgh y 
SETUP: 1atm=1.013x10° Pa. The density of water is 1.00x10° kg/m’. The gauge pressure must equal the 
pressure difference due to a column of water 1370 m— 730 m= 640 m tall. 
EXECUTE: (1.00 x10° m’*)(9.80 m/s’)(640 m) = 6.27 x10° Pa =61.9 atm 


EVALUATE: The gauge pressure required is directly proportional to the height to which the water is pumped. 
IDENTIFY and SET Up: Use Eq.(14.6) to calculate the pressure at the specified depths in the open tube. The 
pressure is the same at all points the same distance from the bottom of the tubes, so the pressure calculated in part 
(b) is the pressure in the tank. Gauge pressure is the difference between the absolute pressure and air pressure. 


EXECUTE: p, = 980 millibar = 9.80 x10* Pa 

(a) Apply p= p, + pgh to the right-hand tube. The top of this tube is open to the air so p, = p,. The density of 

the liquid (mercury) is 13.610’ kg/m’. 

Thus p =9.80x10* Pa +(13.6x10° kg/m’)(9.80 m/s”)(0.0700 m) =1.07 10° Pa. 

(b) p= p, + pgh =9.80x10* Pa +(13.6x10° kg/m*)(9.80 m/s*)(0.0400 m) =1.03x10° Pa. 

(c) Since y, — y, =4.00 cm the pressure at the mercury surface in the left-hand end tube equals that calculated in 
part (b). Thus the absolute pressure of gas in the tank is 1.03x10° Pa. 

(d) p-p, = pgh =(13.6x10° kg/m’*)(9.80 m/s*)(0.0400 m) = 5.33x 10° Pa. 

EVALUATE: If Eq.(14.8) is evaluated with the density of mercury and p- p, =latm=1.01x10° Pa, then h=76 cm. 


The mercury columns here are much shorter than 76 cm, so the gauge pressures are much less than 1.0x10° Pa. 
IDENTIFY: Apply p=p,+pgh. 


SET Up: For water, p =1.00x10° kg/m’. 


EXECUTE: p- p, = pgh =(1.00x10° kg/m*)(9.80 m/s’)(6.1 m) = 6.0x10* Pa. 
EVALUATE: The pressure difference increases linearly with depth. 
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14.21. 


14.22. 


IDENTIFY and SET UP: Apply Eq.(14.6) to the water and mercury columns. The pressure at the bottom of the 
water column is the pressure at the top of the mercury column. 
EXECUTE: With just the mercury, the gauge pressure at the bottom of the cylinder is p = p, + p,,gh,,. With the 


water to a depth ,, the gauge pressure at the bottom of the cylinder is p = po + Pahn + P,gh,,. If this is to be 


w? 


double the first value, then p, gh, = 9,2! 
h, = h, (Pa/P,) = (0.0500 m)(13.6 x 10°/1.00x 10°) = 0.680 m 


The volume of water is V = hA = (0.680 m)(12.0x10~ m?) =8.16x10~ m° =816 cm’ 
EVALUATE: The density of mercury is 13.6 times the density of water and (13.6)(5 cm) = 68 cm, so the pressure 


increase from the top to the bottom of a 68-cm tall column of water is the same as the pressure increase from top to 
bottom for a 5-cm tall column of mercury. 


IDENTIFY: Assume the pressure at the upper surface of the ice is p, =1.013x10° Pa. The pressure at the surface 


of the water is increased from p, by pieghe and then increases further with depth in the water. 


SETUP: p = 0.92 x10? kg/m? and P ae =1.00x10° kg/m’. 

EXECUTE: — P- Po = PicoShice + Prater water + 

P- Py =(0.92x10° kg/m*)(9.80 m/s’)(1.75 m) + (1.00x10° kg/m’)(9.80 m/s*)(2.50 m) . 
P- p, =4.03x10* Pa. 

P= p, +4.03x10* Pa =1.42x10° Pa. 


EVALUATE: The gauge pressure at the surface of the water must be sufficient to apply an upward force on a 
section of ice equal to the weight of that section. 
IDENTIFY: Apply p=p,+pgh, where p, is the pressure at the surface of the fluid. Gauge pressure is p — p,,. . 


SET Up: For water, p =1.00x10° kg/m’. 


EXECUTE: (a) The pressure difference between the surface of the water and the bottom is due to the weight of 
the water and is still 2500 Pa after the pressure increase above the surface. But the surface pressure increase is also 
transmitted to the fluid, making the total difference from atmospheric pressure 2500 Pa+1500 Pa = 4000 Pa. 


N/m? 
(b) Initially, the pressure due to the water alone is 2500 Pa = pgh. Thus h = 2A m z = 0.255 m. 
(1000 kg/m” )(9.80 m/s“) 
To keep the bottom gauge pressure at 2500 Pa after the 1500 Pa increase at the surface, the pressure due to the 
1000 N/m? 


~ (1000 kg/m*)(9.80 m/s?) 


water’s weight must be reduced to 1000 Pa: = 0.102 m. Thus the water must be 


lowered by 0.255 m—0.102 m=0.153 m.. 
EVALUATE: Note that pgh, with h=0.153 m, is 1500 Pa. 


IDENTIFY: p=p,+pgh. F=pA. 


SET Up: For seawater, p =1.03x10° kg/m’ 


EXECUTE: The force F that must be applied is the difference between the upward force of the water and the 
downward forces of the air and the weight of the hatch. The difference between the pressure inside and out is the 
gauge pressure, so 


F =(pgh) A—w=(1.03x10° kg/m’*)(9.80 m/s*)(30 m)(0.75 m°) —300 N = 2.27 x10° N. 


EVALUATE: The force due to the gauge pressure of the water is much larger than the weight of the hatch and 
would be impossible for the crew to apply it just by pushing. 

IDENTIFY: The force on an area A due to pressure p is F, = pA. Use p -— p, = pgh to find the pressure inside the 
tank, at the bottom. 

SETUP: 1 atm=1.013x10° Pa. For benzene, p =0.90x10° kg/m’. The area of the bottom of the tank is 

zD?’/4 , where D=1.72 m. The area of the vertical walls of the tank is DL, where L =11.50m. 

EXECUTE: (a) At the bottom of the tank, 

P = Po + pgh =92(1.013 x10% Pa) + (0.90 x10° kg/m’)(0.894)(9.80 m/s*)(11.50 m). 


p =9.32x10° Pa+9.07x10* Pa=9.41x10° Pa. F, = pA =(9.41x10° Pa)z(1.72 m} /4=2.19x10" N. 
(b) At the outside surface of the bottom of the tank, the air pressure is p = (92)(1.013x10° Pa) =9.32x10° Pa. 
F, = pA=(9.32x10° Pa)z(1.72 m)’/4=2.17x10'N. 
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(c) F, = pA =92(1.013x10° Pa) (1.72 m)(11.5 m) =5.79x10° N 

EVALUATE: Most of the force in part (a) is due to the 92 atm of air pressure above the surface of the benzene and 
the net force on the bottom of the tank is much less than the inward and outward forces. 

IDENTIFY: The gauge pressure at the top of the oil column must produce a force on the disk that is equal to its weight. 


SET Up: The area of the bottom of the disk is A =r? = 2(0.150 m)? =0.0707 m°. 
w  45.0N 
A 0.0707 m? 
(b) The increase in pressure produces a force on the disk equal to the increase in weight. By Pascal's law the 
increase in pressure is transmitted to all points in the oil. 

; 83.0 N 

i) Ap = ——_—_ 
O A = T0707 m 
EVALUATE: The absolute pressure at the top of the oil produces an upward force on the disk but this force is 
partially balanced by the force due to the air pressure at the top of the disk. 


EXECUTE: (a) p-p,= = 636 Pa. 


=1170 Pa . (ii) 1170 Pa 


A ; 
IDENTIFY: F,= i . F, must equal the weight w = mg of the car. 
1 


SETUP: A=2D*/4. D, is the diameter of the vessel at the piston where F, is applied and D, of the diameter at 
the car. 
peice: dee AD EIA p, D, -f2 - (1520 kg)(9.80 m/s?) 408 

aD, /4 D, F 125 N 
EVALUATE: The diameter is smaller where the force is smaller, so the pressure will be the same at both pistons. 
IDENTIFY: Apply XF , =ma, to the piston, with +y upward. F = pA. 


SETUP: 1atm=1.013x10° Pa. The force diagram for the piston is given in Figure 14.25. p is the absolute 
pressure of the hydraulic fluid. 


w mg (1200 kg)(9.80 m/s”) 
A mr 7(0.15 m}? 
EVALUATE: The larger the diameter of the piston, the smaller the gauge pressure required to lift the car. 


2 


EXECUTE: pA-Ww-P,m4=0 and p- Daim = Peouge = =1.7x10° Pa =1.7 atm 


Figure 14.25 


IDENTIFY: Apply Newton’s 2nd law to the woman plus slab. The buoyancy force exerted by the water is upward 


and given by B = Pyae aisg Where Vasp is the volume of water displaced. 


SET Up: The floating object is the slab of ice plus the woman; the buoyant force must support both. The volume 
of water displaced equals the volume V. of the ice. The free-body diagram is given in Figure 14.26. 


ice 
a d 
EXECUTE: ))F, =ma, 


2 RN. 
Pwater ice 


a=0 B-maœag=0 
x Prater ice = (45.0 kg + Mice )S 
But p=m/V so M = Pich, 


ice ice 


Ming = (45.0 kg +m.) g 
Figure 14.26 


y= aks = eons > = 0.562 m°. 
Prater =. Pice 1000 kg/m = 920 kg/m 


EVALUATE: The mass of ice is Mpe = Pie ie =517 kg. 
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IDENTIFY: Apply XF, = ma, to the sample, with +y upward. B = Pyne og - 
SETUP: w=mg=17.50 N and m=1.79 kg. 
EXECUTE: T+B-mg=0. B=mg-T =17.50 N -11.20 N =6.30 N. 
y = B p 6.30 N 

*  Oaag (1.00x10 kg/m?)(9.80 m/s”) 

_m_ 1.79kg 

P= 643x104 m 
EVALUATE: The density of the sample is greater than that of water and it doesn’t float. 


IDENTIFY: The upward buoyant force B exerted by the liquid equals the weight of the fluid displaced by the 
object. Since the object floats the buoyant force equals its weight. 


SETUP: Glycerin has density p,, =1.26 x 10° kg/m’ and seawater has density p,, =1.03x10° kg/m’. Let V, be 


obj 


=6.43x10* m°. 


=2.78x10° kg/m’. 


the volume of the apparatus. g, =9.80 m/s; go =4.15 m/s’. Let V, 


sub 


EXECUTE: On earth B = :¢,,(0.250V,,)2, =mg,. m=(0.250)p,,V,,,. On Caasi, B= Pyy Voge = ME - 


be the volume submerged on Caasi. 


M = PyyV) - The two expressions for m must be equal, so (0.250) pPsw = PaiyVouy and 
3 3 
Va = D2 Pe Von = Na feu l Vu, = 0.2047; - 20.4% of the volume will be submerged on 
i Paty 1.26x10° kg/m 
Caasi. 


EVALUATE: Less volume is submerged in glycerin since the density of glycerin is greater than the density of 
seawater. The value of g on each planet cancels out and has no effect on the answer. The value of g changes the 
weight of the apparatus and the buoyant force by the same factor. 

IDENTIFY: For a floating object, the weight of the object equals the upward buoyancy force, B, exerted by the 
fluid. 


SETUP: B= Pinia submergeag - The weight of the object can be written as w= Pyjet ojeg - For seawater, 
p =1.03x10* kg/m’. 
EXECUTE: (a) The displaced fluid must weigh more than the object, so P < Pria: 


(b) If the ship does not leak, much of the water will be displaced by air or cargo, and the average density of the 
floating ship is less than that of water. 


(c) Let the portion submerged have volume V, and the total volume be V,. Then PV, = PayigV , SO Ib = me The 
0 fluid 


zen 


Pinia 


fraction above the fluid surface is then 1— . If p — 0, the entire object floats, and if P > Puia , none of the 


object is above the surface. 
P _y (0.042 kg)/({5.0][4.0][3.0]x10°m’) 
Pruia 1030kg/m° 


EVALUATE: For a given object, the fraction of the object above the surface increases when the density of the 
fluid in which it floats increases. 
IDENTIFY: B= Pye“ - The net force on the sphere is zero. 


= 0.32 =32%. 


(d) Using the result of part (c), 1 


SET Up: The density of water is 1.00x10° kg/m’. 
EXECUTE: (a) B =(1000 kg/m’)(0.650 m’)(9.80 m/s”) = 6.37 x10° N 
B-T _6.37x10° N-900N 


b) B=T+mg and m= =558kg. 
m 3 z 9.80 m/s? £ 
(c) Now B= Pouer owg » Where V,,, is the volume of the sphere that is submerged. B= mg. Pyae au =mMg and 

0.558 m? 

pya a PSB ES 0.558 m?. “ab = 2 _ oes a85.8%. 

© Pyar 1000 kg/m Vin, 9-650 m 

: ; m 558kg 3 ; 

EVALUATE: The average density of the sphere is Pon = y = 0.650 m? =858 kg/m’. Pap < Prvater > and that is why 


it floats with 85.8% of its volume submerged. 
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14.31. IDENTIFY and SETUP: Use Eq.(14.8) to calculate the gauge pressure at the two depths. 
(a) The distances are shown in Figure 14.3 1a. 
Py 


EXECUTE: p-p,=pgh 


1.50 cm 


8.s0cmli wood) The upper face is 1.50 cm below the top of the oil, so 
Loend P — P, = (7.90 kg/m’)(9.80 m/s*)(0.0150 m) 
water p-p, =116 Pa 


Figure 14.31a 
(b) The pressure at the interface is Pinerace = Pa + Pog (0.100 m). The lower face of the block is 1.50 cm below the 
interface, so the pressure there is P = Dinertce + Pwaterg (0.0150 m). Combining these two equations gives 
P — Pa = Pag (0.100 M) + Pyae g (0.0150 m) 
p- p, =[(790 kg/m°)(0.100 m) + (1000 kg/m°)(0.0150 m)](9.80 m/s”) 
p- p, =921 Pa 
(c) IDENTIFY and SET UP: Consider the forces on the block. The area of each face of the block is 
A=(0.100 m)? =0.0100 m’. Let the absolute pressure at the top face be p, and the pressure at the bottom face be 


P,- In Eq.(14.3) use these pressures to calculate the force exerted by the fluids at the top and bottom of the block. 
The free-body diagram for the block is given in Figure 14.31b. 


EXECUTE: J F, =ma, 
p,A- p,A-mg =0 
(P, - P)A=mg 


Figure 14.31b 

Note that (p, — p,) =(P, — P,) —(P, — Py) =921 Pa-—116 Pa =805 Pa; the difference in absolute pressures equals 
the difference in gauge pressures. 
(p, — p,)A _ (805 Pa)(0.0100 m°) 

g 9.80 m/s? 
And then p =m/V =0.821 kg/(0.100 m)? =821 kg/m’. 
EVALUATE: We can calculate the buoyant force as B =(P Vi + PrratorMwarer)& where V, =(0.0100 m*)(0.850 m) = 
8.50x10% m° is the volume of oil displaced by the block and V,,,,,, = (0.0100 m°)(0.0150 m) =1.50x10%m° is the volume 
of water displaced by the block. This gives B = (0.821 kg)g. The mass of water displaced equals the mass of the block. 


=0.821 kg. 


14.32. IDENTIFY: The sum of the vertical forces on the ingot is zero. p =m/V . The buoyant force is B= Vog. 


water” obj 


SETUP: The density of aluminum is 2.7x10° kg/m’. The density of water is 1.00x10° kg/m’. 


08 k 
EXECUTE: (a) T=mg =89 N so m=9.08kg. V =% = sali 8 _3.36x107 m? =3.4L. 
p 2.7x10° kg/m” 


(b) When the ingot is totally immersed in the water while suspended, T +B -mg =0. 
B= Pona ajg = (1-00 x10° kg/m*)(3.36 x10 m*)(9.80 m/s’) =32.9 N. T =mg -B =89 N-32.9N=56N. 


EVALUATE: The buoyant force is equal to the difference between the apparent weight when the object is 
submerged in the fluid and the actual gravity force on the object. 
14.33. IDENTIFY: The vertical forces on the rock sum to zero. The buoyant force equals the weight of liquid displaced 


by the rock. V =47R’. 


SETUP: The density of water is 1.00x10° kg/m’. 
EXECUTE: The rock displaces a volume of water whose weight is 39.2 N—28.4 N =10.8 N. The mass of this 
much water is thus 10.8 N/(9.80 m/s”) =1.102 kg and its volume, equal to the rock’s volume, is 

1.102 kg 
1.00 x10? kg/m? 
mass is 20.6 N/(9.80 m/s”) = 2.102 kg. The liquid’s density is thus 2.102 kg/(1.102x10° m°) =1.91x10° kg/m’. 


=1.102x10~ m°. The weight of unknown liquid displaced is 39.2 N —18.6 N = 20.6 N, and its 
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EVALUATE: The density of the unknown liquid is roughly twice the density of water. 
14.34. IDENTIFY: The volume flow rate is Av. 


SETUP: Av=0.750 m/s*. 4=2D7/4. 


4(0. m/s? 
EXECUTE: (a) vzD*/4=0.750 m/s’. v= CU ew =472 m/s. 


~ (450x107 my’ 


2 2 
(b) vD?’ must be constant, so v, D? =v,D;. v, = +2 = (472 mis (2 =52.4 m/s. 
D, 3D: 
EVALUATE: The larger the hole, the smaller the speed of the fluid as it exits. 
14.35. IDENTIFY: Apply the equation of continuity, v,4, =v,A, . 
SETUP: A=ar’ 
(0.80) 
202(0.10) 
EVALUATE: The total area of the shower head openings is less than the cross section area of the pipe, and the 
speed of the water in the shower head opening is greater than its speed in the pipe. 
14.36. IDENTIFY: v4 =v,A, . The volume flow rate is vA. 


SETUP: 1.00h=3600s. 


EXECUTE: v,=v,(4/A,). 4, =2(0.80 cm)’, 4, =202(0.10 cm)’. v, =(3.0 m/s) =9.6 m/s. 


2 
EXECUTE: (a) v, =v; A = (3.50 m/s) ue = 2.33 m/s 
A, 0.105 m 
2 
(by aul 22S sons oo =5.21 m/s 
A, 0.047 m 


(c) V =v,At = (3.50 m/s)(0.070 m’)(3600 s) = 882 m°. 
EVALUATE: The equation of continuity says the volume flow rate is the same at all points in the pipe. 
14.37. IDENTIFY and SET Up: Apply Eq.(14.10). In part (a) the target variable is V. In part (b) solve for A and then from 
that get the radius of the pipe. 
EXECUTE: (a) vA=1.20 m’/s 
ya 120 m°/s _ 1.20 m/s __ 1.20 m°/s 


—= > =17.0 m/s 
A mr z(0.150 m) 


(b) vA =1.20 m’/s 
var’ =1.20 m?/s 


3 3 
r= ftom 120 mS: yates 
vT (3.80 m/s)z 


EVALUATE: The speed is greater where the area and radius are smaller. 
14.38. IDENTIFY: The volume flow rate is equal to Av. 


SETUP: In the equation preceding Eq.(14.10), label the densities of the two points p, and p, . 


EXECUTE: (a) From the equation preceding Eq.(14.10), dividing by the time interval dt gives Eq.(14.12). 
(b) The volume flow rate decreases by 1.50%. 
EVALUATE: When the density increases, the volume flow rate decreases; it is the mass flow rate that remains 
constant. 
14.39. IDENTIFY and SET UP: 


Apply Bernoulli’s equation with points 1 and 
2 chosen as shown in Figure 14.39. Let y=0 


at the bottom of the tank so y, =11.0 m and 


seawater 


Siete y, =0. The target variable is v,. 


Figure 14.39 


2 2 
Pit PRY +3 PV = Pr + PRY +3 PV 
Ay, = 4,v,, so v, =(4,/4,)v,. But the cross-section area of the tank (4,) is much larger than the cross-section 


area of the hole (4,), so v, << v, and the +pv; term can be neglected. 
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14.40. 


14.41. 


14.42. 


14.43. 


14.44. 


EXECUTE: This gives 4 pv; = (p, — p,) + pgy. 


Use p, = p, and solve for v,: 


2(3.039x10° Pa) 


1030 kg/m? + 2(9.80 m/s*)(11.0 m) 


v, = 2(p, - p,)/ P +28, =| 


v, = 28.4 m/s 

EVALUATE: Ifthe pressure at the top surface of the water were air pressure, then Toricelli’s theorem 
(Example 14.8) gives v, = J22(%,-y2) =14.7 m/s. The actual afflux speed is much larger than this due to the 
excess pressure at the top of the tank. 

IDENTIFY: Toricelli’s theorem says the speed of efflux is v = J2gh , where A is the distance of the small hole 
below the surface of the water in the tank. The volume flow rate is vA. 

SETUP: 4A=2D°/4, with D=6.00x10° m. 

EXECUTE: (a) v=/2(9.80 m/s’)(14.0 m) =16.6 m/s 

(b) vA = (16.6 m/s)z(6.00 x10 m)?/4 =4.69x10~ m°/s . A volume of 4.69x10~ m° =0.469 L is discharged 


each second. 
EVALUATE: We have assumed that the diameter of the hole is much less than the diameter of the tank. 
IDENTIFY and SET UP: 


Apply Bernoulli’s equation to points 1 and 2 
3 as shown in Figure 14.41. Point 1 is in the 
+. mains and point 2 is at the maximum height 


| SA reached by the stream, so v, =0. 


Figure 14.41 


Solve for p, and then convert this absolute pressure to gauge pressure. 


EXECUTE: p+ Pgy,+5PV, = P, + PR. +303 

Let y, =0, y, =15.0 m. The mains have large diameter, so v, ~ 0. 

Thus p, = p, + Py. 

But p, = p,, SO p,- p, = pg = (1000 kg/m°)(9.80 m/s”)(15.0 m) =1.47 x10° Pa. 

EVALUATE: This is the gauge pressure at the bottom of a column of water 15.0 m high. 

IDENTIFY: Apply Bernoulli’s equation to the two points. 

SET Up: The continuity equation says v,A, =v,A, . In Eq.(14.17) either absolute or gauge pressures can be used 
at both points. 

EXECUTE: Using v, =4v,, 


1 15 
P,=P,4 au v3) + pg(, -Y2) =P 4 ol(S hi + oy, »»)| 


p, =5.00x10* Pa +(1.00x10° kem)| $56.00 m/s)? + (9.80 m/s?)(11.0 my) =1.62x10° Pa. 


EVALUATE: The decrease in speed and the decrease in height at point 2 both cause the pressure at point 2 to be 
greater than the pressure at point 1. 

IDENTIFY: Apply Bernoulli’s equation to the air flowing past the wing. F = pA. 

SET Up: Let point 1 be at the top surface and point 2 be at the bottom surface. Neglect the pg(y, —y,) term in 
Bernoulli’s equation. In calculating the net force take +y to be upward. 


EXECUTE: p, + Py, +3 PV = Pa + PRY. +} PV}. 

Pa- Pi =4 p? — V3) =4(1.20 kg/m*)([70.0 m/s} —[60.0 m/s]’) = 780 Pa . 

The net force exerted by the air is p,A — p,A =(780 Pa)(16.2 m°) =12,600 N . The net force is upward. 

EVALUATE: The pressure is lower where the fluid speed is higher. 

IDENTIFY: p=m/V . Apply the equation of continuity and Bernoulli’s equation to points 1 and 2. 

SET Up: The density of water is 1 kg/L. 

(220)(0.355 kg) 
60.0 s 


EXECUTE: (a) =1.30 kg/s. 
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14.45. 


14.46. 


14.47. 


14.48. 


(b) The density of the liquid is = es Bes = 1000 kg/m’, and so the volume flow rate is 
0.355x10° m 


1.30 kg/s 


(220)(0.355 L) 
1000 kg/m? 


60.0 s =1.30 L/s. 


=1.30x10° m*/s =1.30 L/s. This result may also be obtained from 


-3 3 
(©) n = mS = 6.50 m/s. v, =v,/4=1.63 mis. 
E x m 


1 
(@) p =p + 50(%2 v1) +08(¥2-%)- 


p, =152 kPa + (1000 kg/m*)(4[(1.63 m/s)” — (6.50 m/s)”]+ (9.80 m/s”)(-1.35 m)) . Pp, =119 kPa. 


EVALUATE: The increase in height and the increase in fluid speed at point 1 both cause the pressure at point 1 to 
be less than the pressure at point 2. 

IDENTIFY: Apply Bernoulli’s equation to the two points. 

SETUP: ),=)y,. V,4,=v,4,. 4=24. 


A A 
EXECUTE: p, +g, +} =p, + pgy,t+tpv;. v -»(4)-es0 mo( A 


2 1 


Jas m/s. 


Pa =P, +}? —v1)=1.80x10* Pa +4(1000 kg/m°)([2.50 m/s} —[1.25 m/s}’) = 2.03 x10* Pa 
EVALUATE: The gauge pressure is higher at the second point because the water speed is less there. 
IDENTIFY and SET UP: Let point 1 be where 7, = 4.00 cm and point 2 be where r, = 2.00 cm. The volume flow 


rate vA has the value 7200 cm’/s at all points in the pipe. Apply Eq.(14.10) to find the fluid speed at points 1 and 
2 and then use Bernoulli’s equation for these two points to find p,. 


EXECUTE: v,4, =v,277 = 7200 cm’, so v, =1.43 m/s 
v,4, =v,21r, =7200 cm’, so v, =5.73 m/s 


Pi + PRY + TPM = Pa + PEY +5 PV 

y, =y, and p, =2.40x10° Pa, so p, =p, +4 p(y — v3) =2.25 «10° Pa 

EVALUATE: Where the area decreases the speed increases and the pressure decreases. 

IDENTIFY: F = pA, where A is the cross-sectional area presented by a hemisphere. The force F that the body 
builder must apply must equal in magnitude the net force on each hemisphere due to the air inside and outside the 
sphere. 


2 
SETUP: A srb, 


2 
EXECUTE: (a) Fy, =(Po -p)z2-. 
(b) The force on each hemisphere due to the atmosphere is 
z(5.00x10° m)°’(1.013x10° Pa/atm)(0.975 atm) = 776 N . The bodybuilder must exert this force on each 


hemisphere to pull them apart. 
EVALUATE: The force is about 170 lbs, feasible only for a very strong person. The force required is proportional 
to the square of the diameter of the hemispheres. 


(Ap), 
B 


IDENTIFY: Apply p=p,+pgh and AV =- where B is the bulk modulus. 


SET Up: Seawater has density p =1.03x10° kg/m’. The bulk modulus of water is B =2.2x10° Pa. 

Pa =1.01x10° Pa . 

EXECUTE: (a) py = Py, + Pgh =1.01x10° Pa +(1.03x10° kg/m*)(9.80 m/s*)(10.92 x10° m) =1.10x10° Pa 
(b) At the surface 1.00 m° of seawater has mass 1.03x10° kg. At a depth of 10.92 km the change in volume is 


8 3 
AV = a = ud = a a) =-0.050 m° . The volume of this mass of water at this depth therefore 
2x a 


m _1.03x10° kg 
V 0.950 m* 
EVALUATE: For water B is small and a very large increase in pressure corresponds to a small fractional change in 
volume. 


is V =V,+ AV =0.950 m°. p= =1.08x10* kg/m’. The density is 5% larger than at the surface. 
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14.49, 


14.50. 


IDENTIFY: In part (a), the force is the weight of the water. In part (b), the pressure due to the water at a depth h is 
pgh. F =pAand m= pV . 

SETUP: The density of water is 1.00x10° kg/m’. 

EXECUTE: (a) The weight of the water is 

pgV =(1.00x10° kg/m*)(9.80 m/s*)((5.00 m)(4.0 m)(3.0 m)) = 5.9 x10° N, 

(b) Integration gives the expected result that the force is what it would be if the pressure were uniform and equal to 
the pressure at the midpoint. If d is the depth of the pool and A is the area of one end of the pool, then 

F= peas = (1.00 x10°kg/m*)(9.80 m/s)((4.0 m)(3.0 m))(1.50 m) =1.76x10° N. 


EVALUATE: The answer to part (a) can be obtained as F = pA, where p = pgd is the gauge pressure at the 
bottom of the pool and A = (5.0 m)(4.0 m) is the area of the bottom of the pool. 


IDENTIFY: Use Eq.(14.8) to find the gauge pressure versus depth, use Eq.(14.3) to relate the pressure to the force 
on a strip of the gate, calculate the torque as force times moment arm, and follow the procedure outlined in the hint 
to calculate the total torque. 

SETUP: The gate is sketched in Figure 14.50a 


a Let T, be the torque due to the net force 
of the water on the upper half of the gate, 
and 7, be the torque due to the force on 
the lower half. 


Figure 14.50a 
With the indicated sign convention, 7, is positive and 7, is negative, so the net torque about the hinge is 
T=t,-T,. Let H be the height of the gate. 


Upper-half of gate: 
Calculate the torque due to the force on a narrow strip of height dy located a distance y below the top of the gate, as 
shown in Figure 14.50b. Then integrate to get the total torque. 


J» The net force on the strip is dF = p(y) dA, where 
dF es P(y) = pgy is the pressure at this depth and 
(4 | l dA =W dy with W = 4.00 m 
i axis dF = pgyW dy 


Figure 14.50b 
The moment arm is (H/2-— y), so dt = pgW(H/2-y)y dy. 
H/2 H/2 2 3 H/2 
r=], dr=pgWf, (H/2-y)y dy=pgW(HIAy’ -y°/3)|; 
T, = pgW (H° /16 — H° 124) = pgW (H° 148) 
T, = (1000 kg/m°)(9.80 m/s?)(4.00 m)(2.00 m}? /48 = 6.533x10° N-m 
Lower-half of gate: 


axis Consider the narrow strip shown in Figure 14.50c 
|» The depth of the strip is (H/2+ y) 
dF or so the force dF is 


dF = p(y) dA = pg(H/2+ yW dy 
Figure 14.50c 
The moment arm is y, so dt = pgW(H/2+ y)y dy. 


H12 H12 2 3 H/2 
n=), dr=pgWĵ, (H/2+y)y dy=pgW((H/4)y* +y°/3)|p 
T, = pgW (H° /16 + H? /24) = pgW (5H° /48) 
T, = (1000 kg/m*)(9.80 m/s*)(4.00 m)5(2.00 m)*/48 =3.267 x10* N -m 


Then T =r, -T, =3.267x10* N-m—6.533x10° N-m=2.61x10* N-m. 


EVALUATE: The forces and torques on the upper and lower halves of the gate are in opposite directions so find 
the net value by subtracting the magnitudes. The torque on the lower half is larger than the torque on the upper half 
since pressure increases with depth. 
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14.51. 


14.52. 


14.53. 


14.54. 


IDENTIFY: Compute the force and the torque on a thin, horizontal strip at a depth / and integrate to find the total 
force and torque. 
SETUP: The strip has an area dA =(dh)L ,where dh is the height of the strip and L is its length. A = HL. The 


height of the strip about the bottom of the dam is H —h. 
EXECUTE: (a) dF = pdA=pghLdh. F =| dF = pgL| “hdh = pgLH?/2 = pgAH)2. 
(b) The torque about the bottom on a strip of vertical thickness dh is dt = dF (H —h)= pgLh( H —h)dh, and 


integrating from A =0 to h =H gives t = pgLH’/6 = pgAH’/6. 

(c) The force depends on the width and on the square of the depth, and the torque about the bottom depends on the 
width and the cube of the depth; the surface area of the lake does not affect either result (for a given width). 
EVALUATE: The force is equal to the average pressure, at depth H/2 , times the area A of the vertical side of the 
dam that faces the lake. But the torque is not equal to F (H/2) ,where H/2 is the moment arm for a force acting at 


the center of the dam. 
IDENTIFY: The information about Europa allows us to evaluate g at the surface of Europa. Since there is no 
atmosphere, p, = 0 at the surface. The pressure at depth h is p = pgh . The inward force on the window is 


F =på. 
SETUP: g= on , where G = 6.67x107'' N-m’/kg? . R =1.565x10° m. Assume the ocean water has density 


p =1.00x10° kg/m’. 
p= (6.67 x10"! N-m’/kg’)(4.78 x10” kg) 


EXECUTE: (1.565%10° m =1.30 m/s’. The maximum pressure at the window is 
565 x10° m 
5 
pa AN s arpa VOAR PE. ct 
(0.250 m) (1.00x10° kg/m°)(1.30 m/s’) 


EVALUATE: 9750 N is the inward force exerted by the surrounding water. This will also be the net force on the 
window if the pressure inside the submarine is essentially zero. 

IDENTIFY and SETUP: Apply Eq.(14.6) and solve for g. 

Then use Eq.(12.4) to relate g to the mass of the planet. 


EXECUTE: p-p, = ped. 

This expression gives that g = (p — p,)/pd = (p — p, V/md. 

But also g = Gm, / R? (Eq.(12.4) applied to the planet rather than to earth.) 

Setting these two expressions for g equal gives Gm,/R° =(p-p,W/md and m, =(p- P )VR’/Gmd. 
EVALUATE: The greater p is at a given depth, the greater g is for the planet and greater g means greater m,. 


IDENTIFY: The buoyant force B equals the weight of the air displaced by the balloon. 
SETUP: B= ,,Vg.Let gu be the value of g for Mars. For a sphere V =47R°* . The surface area of a sphere is 


given by A=47R°. The mass of the balloon is (5.00x10° kg/m’)(47R’) . 

EXECUTE: (a) B= mgm r Pair 8m F MEm . Par taR F (5.00x10° kg/m*)(47R*) B 

pa 35.00% 10° kg/m’) 
Pair 


=0.974 m. m =(5.00x10° kg/m?)(47R?) = 0.0596 kg . 


(b) Fa =B-mg=ma. B= p V2 = p,,42R’g = (1.20 kem 4 \0.74 m)’ (9.80 m/s?) = 45.5 N. 


q- Bmg _ 45.5 N - (0.0596 kg)(9.80 m/s?) 
m 0.0596 m 
(c) B= Mog $ PaiV EZ = (Mattoon E Moaa )g : Mioad = Pair 4nR g (5.00 % 10° kg/m? aR? k 


=754 m/s’, upward. 


Mina = (0.0154 kem | É 10.974 mJ)? — (5.00 x10” kg/m?)(47r)(5[0.974 m])” 


Maa = 7.45 kg -1.49 kg = 5.96 kg 


EVALUATE: The buoyant force is proportional to R° and the mass of the balloon is proportional to R°, so the 
load that can be carried increases when the radius of the balloon increases. We calculated the mass of the load. To 
find the weight of the load we would need to know the value of g for Mars. 
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14.55. 


14.56. 


14.57. 


IDENTIFY: Follow the procedure outlined in part (b). For a spherically symmetric object, with total mass m and 
radius r, at points on the surface of the object, g(r) =Gm/r’ . 


SET Up: The earth has mass m, =5.97x10™ kg. If g(r) isa maximum at r =F a» then 2 =0 for r =r ax: 
r 


EXECUTE: (a) At r=0, the model predicts p = A =12,700 kg/m’ and at r = R, the model 
predicts p = A — BR =12,700 kg/m* — (1.50 x10° kg/m*)(6.37 x 10° m) =3.15x10° kg/m’. 


(and 6) M = dn =f Bear 4n £ = (2 J e) 


6 3 -3 4 6 
m -|en m) | 12,700 3(1.50x 10 kg/m*)(6.37 x 10° m) 


l =5,99x10" kg 

4 

which is within 0.36% of the earth’s mass. 

(d) If m(r) is used to denote the mass contained in a sphere of radius r, then g =Gm(r)/r’. Using the same 
integration as that in part (b), with an upper limit of r instead of R gives the result. 

(e) g=O0atr=0, andg atr=R, 


g = Gm(R)/ R? = (6.673 x10" N-m’kg’)(5.99 x10” kg)/(6.37 x 10° m}? = 9.85 m/s’. 


2 
(f) ae = (=) 2 |a gue l = (=j | . Setting this equal to zero gives r = 2A/3B =5.64x10° m, 


dr 3 jdr 4 3 


2. 
and at this radius g = AzG 24 A 3 B 2A \| _ 4GA l 
3 3B 4 3B 9B 


_ 4n(6.673 x10! N-m’/kg”)(12,700 kg/m*)? 
s 9(1.50x10”° kg/m*) 


=10.02 m/s’. 


EVALUATE: Ifthe earth were a uniform sphere of density p , then g(r) = 


H -(), , the same as setting 
B=Oand A= pin g(r) in part (d). If 7 a is the value ofr in part (f) where g(r) is a maximum, then 

Tux / R = 0.885 . For a uniform sphere, g(r) is maximum at the surface. 

IDENTIFY: Follow the procedure outlined in part (a). 

SET Up: The earth has mass M =5.97x10™ kg and radius R =6.38x10° m. Let g, =9.80 m/s” 

EXECUTE: (a) Equation (14.4), with the radius r instead of height y, becomes dp =—pg(r) dr =—pg,(r/R)dr. 
This form shows that the pressure decreases with increasing radius. Integrating, with p =0 atr =R, 


PEs f” PE; f2 PE PS 
=- | r dr === r dr === (R4 -r^ ). 
p f; A O. 


R r 
(b) Using the above expression with r =0 and p = M- 3M- A 
V 4rR 
24 2 
pj kg)(9.80 m/s ) 171x100" Pa. 


82(6.38 x10° m)? 

(c) While the same order of magnitude, this is not in very good agreement with the estimated value. In more 
realistic density models (see Problem 14.55), the concentration of mass at lower radii leads to a higher pressure. 
EVALUATE: In this model, the pressure at the center of the earth is about 10° times what it is at the surface. 
(a) IDENTIFY and SET UP: 


h 
Apply p= p, + pgh to the water 


(0.15m—h) in the left-hand arm of the tube. 
See Figure 14.57. 


0.150 m 


<_<» 


mercury 


Figure 14.57 
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EXECUTE: p= p,, So the gauge pressure at the interface (point 1) is 


p — p, = pgh = (1000 kg/m’)(9.80 m/s)(0.150 m) =1470 Pa 


(b) IDENTIFY and SET UP: The pressure at point 1 equals the pressure at point 2. Apply Eq.(14.6) to the right- 
hand arm of the tube and solve for h. 


EXECUTE: p, = p, + P,g(0.150 m) and p, = p, + Py.2(0.150 m—h) 
P, =P, implies p,,g(0.150 m) = p,,g(0.150 m—A) 
pale (0.150 m) = (1000 kg/m’)(0.150 m) 
Pug 13.6x10° kg/m? 
h=0.150 m—0.011 m=0.139 m=13.9 cm 


EVALUATE: The height of mercury above the bottom level of the water is 1.1 cm. This height of mercury 
produces the same gauge pressure as a height of 15.0 cm of water. 


14.58. IDENTIFY: Follow the procedure outlined in the hint. F = pA. 
SET Up: The circular ring has area dA =(27R)dy . The pressure due to the molasses at depth y is pgy . 


0.150 m =0.011m 


EXECUTE: F= Í " pgy\(2aR)dy = pgzRh’? where R and h are the radius and height of the tank. Using the given 


numerical values gives F =5.07x10* N. 
EVALUATE: The net outward force is the area of the wall of the tank, A=2zRh, times the average pressure, the 
pressure pgh/2 at depth h/2. 


14.59. IDENTIFY: Apply Newton’s 2nd law to the barge plus its contents. Apply Archimedes’ principle to express the 
buoyancy force B in terms of the volume of the barge. 
SETUP: The free-body diagram for the barge plus coal is given in Figure 14.59. 


y 
EXECUTE: X F, =ma, 
B= py Voarge £ B- (Marge E Moa) g =0 
X PoV rare = (M narge + Moa) g 


Mooal = PoV varge es Myarge 


(m 


` g 
barge coal )8 


Figure 14.59 


V sarge = (22 m)(12 m)(40 m) = 1.056 x 104 m? 
The mass of the barge is Marge = PVs» Where s refers to steel. 


From Table 14.1, p, =7800 kg/m’. The volume V, is 0.040 m times the total area of the five pieces of steel that 


s 


make up the barge: 
V, = (0.040 m)[2(22 m)(12 m) + 2(40 m)(12 m) + (22 m)(40 m)]=94.7 m°. 


Therefore, Mage = PV, = (7800 kg/m*)(94.7 m°) =7.39x10° kg. 
Then Moa = Py Voarge — Mage = (1000 kg/m*)(1.056x10* m?’)—7.39 x10° kg =9.8x10° kg. 
= Mou !Pooat =9-8X10° kg/1500 kg/m’ = 6500 m’; this is less that Vps, SO 


The volume of this mass of coal is V. barge 


coal 
it will fit into the barge. 
EVALUATE: The buoyancy force B must support both the weight of the coal and also the weight of the barge. The 
weight of the coal is about 13 times the weight of the barge. The buoyancy force increases when more of the barge 
is submerged, so when it holds the maximum mass of coal the barge is fully submerged. 

14.60. IDENTIFY: The buoyant force on the balloon must equal the total weight of the balloon fabric, the basket and its 


contents and the gas inside the balloon. mos = Pyas . B= pyVg - 

SETUP: The total weight, exclusive of the gas inside the balloon, is 900 N +1700 N +3200 N = 5800 N 
(5800 N) 

(9.80 m/s*)(2200 m°) 


EVALUATE: The volume of a given mass of gas increases when the gas is heated, and the density of the gas 
therefore decreases. 


EXECUTE: 5800 N+ pV, = p V, and p,,. =1.23 kg/m? =0.96 kg/m’. 
Peas g Pair g Pras 8 
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14.61. IDENTIFY: Apply Newton’s 2nd law to the car. The buoyancy force is given by Archimedes’ principle. 
(a) SETUP: The free-body diagram for the floating car is given in Figure 14.61. (V,,, is the volume that is 


submerged.) 

B =P, Va 8 EXECUTE: pee =ma, 
B-mg=0 
PwVan — mg = 0 


x 


mg 
Figure 14.61 
V» =m/p,, = (900 kg)/(1000 kg/m*) = 0.900 m° 


Vow! V. 


cub! Vaj = (0-900 m’)/(3.0 m°) = 0.30 =30% 

EVALUATE: The average density of the car is (900 kg)/(3.0 m°) = 300 kg/m’. 0,4./Pyaior = 0-30; this equals 
Vou! Vaj 

(b) SETUP: When the car starts to sink it is fully submerged and the buoyant force is equal to the weight of the 
car plus the water that is inside it. 


EXECUTE: When the car is full submerged V „p =V, the volume of the car and 
B = Pyare, Vg = (1000 kg/m*)(3.0 m*)(9.80 m/s”) =2.94x10* N 


The weight of the car is mg = (900 kg)(9.80 m/s”) = 8820 N. 

Thus the weight of the water in the car when it sinks is the buoyant force minus the weight of the car itself: 
= (2.94x10* N -8820 N)/(9.80 m/s”) = 2.10 x10° kg 

And V, 


“ater = Maer! Pwater = (2.10 10° kg)/(1000 kg/m?) = 2.10 m°? 
The fraction this is of the total interior volume is (2.10 m*)/(3.00 m*) = 0.70 = 70% 
EVALUATE: The average density of the car plus the water inside it is (900 kg +2100 kg)/(3.0 m°) =1000 kg/m’, 


m water 


SO Pear = Pwater When the car starts to sink. 


14.62. IDENTIFY: For a floating object, the buoyant force equals the weight of the object. B = guia submergeag - 


SET Up: Water has density p =1.00 g/cm’. 

EXECUTE: (a) The volume displaced must be that which has the same weight and mass as the ice, 
eek =9.70 cm’. 

1.00 gm/cm 
(b) No; when melted, the cube produces the same volume of water as was displaced by the floating cube, and the 
water level does not change. 
© ee 2054 cm? 

1.05 gm/cm 
(d) The melted water takes up more volume than the salt water displaced, and so 0.46 cm’ flows over. 


EVALUATE: The volume of water from the melted cube is less than the volume of the ice cube, but the cube 
floats with only part of its volume submerged. 

14.63. IDENTIFY: For a floating object the buoyant force equals the weight of the object. The buoyant force when the 
wood sinks is B = Pyae ag » Where Vo is the volume of the wood plus the volume of the lead. p=m/V . 


tot 


SETUP: The density of lead is 11.3x10° kg/m’. 

EXECUTE: V,a =(0.600 m)(0.250 m)(0.080 m) = 0.0120 m°. 

Mood = Pwooa” wood = (600 kg/m*)(0.0120 m°) = 7.20 kg . 

B = (Myood + Mea )& - Using B= PyaeVin& and Vig =Virooa + Viet SIVES Pwater wood + Viead S = (Mwooa + Meas E - 


tot — 
Mead = Plead ied then gives Pyae wood + PrwaterMiead = Mwood + Plead” lead + 
y = Paer wood ~ Mwooa _ 1000 kg/m*)(0.0120 m°) -7.20 kg 

ae a De 11.3x10° kg/m? —1000 kg/m’? 
EVALUATE: The volume ofthe lead is only 3.9% of the volume of the wood. If the contribution of the volume of 
the lead to Fp is neglected, the calculation is simplified: Pater woog = (Mwood + Mea Z and Mea =4.8 kg . The 


wood 


=4.66x10% m°. Mead = Praa = 5-27 kg. 


result of this calculation is in error by about 9%. 
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14.66. 


IDENTIFY: The fraction fof the volume that floats above the fluid is f =1-— k , where p is the average density 


P ruia 
= 1 
of the hydrometer (see Problem 14.29). This gives Pag = PIF 
SETUP: The volume above the surface is hA, where A is the height of the stem above the surface and A = 0.400 cm’. 
EXECUTE: If two fluids are observed to have floating fraction f, and f,, p, = p, i - . Using 
~ J2 


_ (8.00 cm)(0.400 cm°) _ em)(0.400 cm”) 
(13.2 em*) (13.2 cm’) 


EVALUATE: — Pyteohot < Pwater » When Pauia increases, the fraction f of the object’s volume that is above the surface 


tun xeeee 


Í =0.097 gives Pacon = (0.839) P water =839 kg/m’. 


increases. 
(a) IDENTIFY: Apply Newton’s 2nd law to the airship. The buoyancy force is given by Archimedes’ principle; 
the fluid that exerts this force is the air. 

SETUP: The free-body diagram for the dirigible is given in Figure 14.65. The lift corresponds to a mass 

Mi = (120 x 10° N)/(9.80 m/s”) =1.224x10* kg. The mass m 


that fills the dirigible. B is the buoyant force exerted by the air. 
a 


is 1.224x10* kg plus the mass M, Of the gas 


tot S 


EXECUTE: J F, =ma, 
B- Mag = 0 
Pa Vg =(1.224x10* kg + Moos Z 


Mag = (9184 kg + mM gas )g 
Figure 14.65 


Write M, in terms of Vi mas = PyaV 


S 


And let g divide out; the equation becomes pV =1.224x10* kg + Peas 


= 1.224x10* kg 
1.20 kg/m’ — 0.0899 kg/m* 
EVALUATE: The density of the airship is less than the density of air and the airship is totally submerged in the 


air, so the buoyancy force exceeds the weight of the airship. 
(b) SETUP: Let mip be the mass that could be lifted. 


EXECUTE: From part (a), mg =(Pyic — Pes V = (1.20 kg/m? — 0.166 kg/m*)(1.10x10* m°) =1.14x10* kg. 


The lift force is m,, =(1.14x10* kg)(9.80 m/s”) =112 KN. 


EVALUATE: The density of helium is less than that of air but greater than that of hydrogen. Helium provides lift, 
but less lift than hydrogen. Hydrogen is not used because it is highly explosive in air. 

IDENTIFY: The vertical forces on the floating object must sum to zero. The buoyant force B applied to the object 
by the liquid is given by Archimedes’s principle. The motion is SHM if the net force on the object is of the form 


F, =—ky and then T = 22Vm/k . 
SETUP: Take +y to be downward. 


=1.10x10* m? 


EXECUTE: (a) V, = LA, where L is the vertical distance from the surface of the liquid to the bottom of the 


submerged 


object. Archimedes’ principle states pgLA = Mg, so L = zA 
p 


(b) The buoyant force is pgA(L + y) = Mg +F , where y is the additional distance the object moves downward. 


Using the result of part (a) and solving for y gives y= ale. 


pga’ 
(c) The net force is F „= Mg —- pgA(L + y) =—pgAy . k = pgA, and the period of oscillation is 


net 
ec eae Ma 
k pgA 


EVALUATE: The force F determines the amplitude of the motion but the period does not depend on how much 
force was applied. 
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14.69. 


14.70. 


IDENTIFY: Apply the results of problem 14.66. 
SET Up: The additional force F applied to the buoy is the weight w = mg of the man. 


w m m (70.0 kg) 
pgd pgA pA (103x10 kg/m°)z(0.450 m} 
(b) Note that in part (c) of Problem 14.66, M is the mass of the buoy, not the mass of the man, and 4 is the cross- 
section area of the buoy, not the amplitude. The period is then 


T=27 Cap ke) =2.42s 
(1.03x10° kg/m*)(9.80 m/s”)2(0.450 m)? 


EXECUTE: (a) x= =0.107 m. 


EVALUATE: The period is independent of the mass of the man. 
IDENTIFY: After the water leaves the hose the only force on it is gravity. Use conservation of energy to relate the 
initial speed to the height the water reaches. The volume flow rate is Av. 


SETUP: A=2D?/4 
EXECUTE: (a) Lmv’ =mgh. v=,/2gh = /2(9.80 m/s’ )(35.0 m) = 26.2 m/s . (zD? /4)v = 0.500 m/s° . 


jos fos m/s’) _ [4(0.500 nvs’) 
7 (26.3 m/s) 


=0.156 m=15.6 cm. 

mv 

b) D’v is constant so if D is twice as great then v is decreased by a factor of 4. h is proportional to v’, so A is 
g y prop 


350M 2 ee 


decreased by a factor of 16. h = 


EVALUATE: The larger the diameter of the nozzle the smaller the speed with which the water leaves the hose and 
the smaller the maximum height. 

IDENTIFY: Find the horizontal range x as a function of the height y of the hole above the base of the cylinder. 
Then find the value of y for which x is a maximum. Once the water leaves the hole it moves in projectile motion. 
SETUP: Apply Bernoulli's equation to points 1 and 2, where point 1 is at the surface of the water and point 2 is in 
the stream as the water leaves the hole. Since the hole is small the volume flow rate out the hole is small and v, =0. 


Y,-y, =H -yand p, = P, = P,, . For the projectile motion, take +y to be upward; a, =Oand a, =—9.80 m/s’. 


EXECUTE: (a) p, + Pgy,+4 Pv; = p, + PRV. +4 PVs gives v, =,/2g(H — y) . In the projectile motion, Voy = 0 and 


Y= Yo =-V,80 Y-Y =V t+ lat gives t= \ £? The horizontal range is x= vt = v,t = 24 y(H - y) . They 
g 


that gives maximum x satisfies = =0. (Ay-y’)"?(H -2y)=Oand y=H/2. 
y 


b) x =2,/y(H - y) =} [(H/2XH -H/2) =H. 
EVALUATE: A smaller y gives a larger v, , but a smaller time in the air after the water leaves the hole. 


IDENTIFY: Bernoulli's equation gives the speed at which water exits the hole, and from this we can calculate the 
volume flow rate. This will depend on the height / of the water remaining in the tank. Integrate to find A versus t. 
The time for the tank to empty is t for which h=0. 

SET Up: Apply Bernoulli's equation to point 1 at the top of the tank and point 2 at the hole. Assume the cross 


: ; dh ; STRI 
sectional area A, of the tank is much larger than the area A, of the hole. v, = “a! where the minus sign is 
t 
because A is decreasing and dh/dt is negative, whereas vis positive. 


2 2 


2 
; . A 
EXECUTE: p,+ pgy,++pvy, =p, + pgy,t+tpv, gives v} =2gh+v? . Av, = 4v, gives v? = (2) v; and 


1 


1 1 2 


2 
A h A A, dh et é 
v q -|4| | 2gh. A,<< Aso v, =42gh. v = -2 7 a and v, = AS. Combining these two equations 


for v, gives P-A fign”. ah --(4 fe Jo. ji a --(4 Jf ydr sivos 2( Vi -Jh )=-4J2g1. 
1 


2 
A Ha oh? (a A 


T 
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(b) 4=0 when má 2h 


2V E 
EVALUATE: The time ¢ for the tank to empty decreases when the area of the hole is larger. t increases when A, 
increases because for fixed ho an increase in A, corresponds to a greater volume of water initially in the tank. 
14.71. IDENTIFY: Apply the 2nd condition of equilibrium to the balance arm and apply the first condition of equilibrium 
to the block and to the brass mass. The buoyancy force on the wood is given by Archimedes’ principle and the 
buoyancy force on the brass mass is ignored. 
SETUP: The objects and forces are sketched in Figure 14.7 1a. 


The buoyant force on the brass is neglected, 
but we include the buoyant force B on the 
block of wood. n, and n, are the normal 


Nb 


wood 


forces exerted by the balance arm on which 
mpg the objects sit. 


Figure 14.71a 


The free-body diagram for the balance arm is given in Figure 14.71b. 


e EXECUTE: T,= 0 
n,L—n,L =0 
ny = Ny 


Figure 14.71b 


SETUP: The free-body diagram for the brass mass is given in Figure 14.71c. 


EXECUTE: ))F,=ma, 
n, —m,g =0 


n, =M,§ 


m8 


Figure 14.71c 


The free-body diagram for the block of wood is given in Figure 14.71d. 


DE, =ma, 


n, +B-m,g =0 


y 


n, =m,g—-B 
myg 
Figure 14.71d 
But n, =n, implies m,g =m,g-—B. 
And B= py Vi = Pair (Myl Py), SO MF = My F — Pair (Myl Py )E- 
a 0.0950 kg 
“ 1=p,,/P, 1-((1.20 kg/m*)/(150 kg/m’)) 
EVALUATE: The mass of the wood is greater than the mass of the brass; the wood is partially supported by the 
buoyancy force exerted by the air. The buoyancy in air of the brass can be neglected because the density of brass is 
much more than the density of air; the buoyancy force exerted on the brass by the air is much less than the weight 
of the brass. The density of the balsa wood is much less than the density of the brass, so the buoyancy force on the 
balsa wood is not such a small fraction of its weight. 
14.72. IDENTIFY: B= pV g . Apply Newton’s second law to the beaker, liquid and block as a combined object and also 


= 0.0958 kg 


to the block as a single object. 
SETUP: Take +y upward. Let F,, and F, be the forces corresponding to the scale reading. 
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EXECUTE: Forces on the combined object: F, +F; —(w,+w, + Wc) =0. w; =F, +F; —Wg-We- 

D and E read mass rather than weight, so write the equation as m, =m, +m, —m, — Mç. Mp = F,/g is the reading 

in kg of scale D; a similar statement applies to m, . 

m, =3.50 kg + 7.50 kg -1.00 kg -1.80 kg =8.20 kg . 

Forces on A: B+ F,-w,=0. V ,g+F,-m,g=0. pV,+m,=m,. 

_m,-m, _ 8.20 kg—3.50 kg 
V, 3.80x10” m? 

(b) D reads the mass of A: 8.20 kg. E reads the total mass of B and C: 2.80 kg. 

EVALUATE: The sum of the readings of the two scales remains the same. 

IDENTIFY: Apply Newton’s 2nd law to the ingot. Use the expression for the buoyancy force given by 

Archimedes’ principle to solve for the volume of the ingot. Then use the facts that the total mass is the mass of the 

gold plus the mass of the aluminum and that the volume of the ingot is the volume of the gold plus the volume of 


the aluminum. 
SETUP: The free-body diagram for the piece of alloy is given in Figure 14.73. 


y 


=1.24x10° kg/m* 


Pp 


EXECUTE: J F, =ma, 
B+T-m,,g =0 

B=m,,g -T 

B=45.0 N-39.0 N=6.0 N 


m, g =45.0N 


tot * 
Figure 14.73 
g=45.0N so m,, =45.0 N/(9.80 m/s”) = 4.59 kg. 
We can use the known value of the buoyant force to calculate the volume of the object: B = p Vag =6.0 N 
y = 60N _ 6.0 N 
™ øg (1000 kg/m°)(9.80 m/s*) 


We know two things: 
(1) The mass m, of the gold plus the mass m, of the aluminum must add to m: M, +m, =Ma 


Also, m 


tot 


= 6.122x107* m? 


We write this in terms of the volumes V, and V, of the gold and aluminum: p,V, + 0,V, =m 


(2) The volumes V, and V, must add to give Vaj: Va +V, =V,,, so that V, =V,,,-V, 


obj* obj ol 
Use this in the equation in (1) to eliminate V,: PV + Pa Vor, — Vo) = Mo 
Mo Paw 4.59 kg —(2.7x10° kg/m?)(6.122x10* m°) 


V, = = 7 k ; ; =1.769x10* m°. 
PEP: 19.3x10° kg/m’ —2.7x10° kg/m 


Then m, = pV, =(19.3x10° kg/m’)(1.769x10* m°) =3.41 kg and the weight of gold is w, =m,g =33.4 N. 


EVALUATE: The gold is 29% of the volume but 74% of the mass, since the density of gold is much greater than 
the density of aluminum. 


IDENTIFY: Apply bas = ma, to the ball, with +y upward. The buoyant force is given by Archimedes’s 


principle. 
SETUP: The ball’s volume is V = far = $#(12.0 cm)’ = 7238 cm’. As it floats, it displaces a weight of water 


equal to its weight. 
EXECUTE: (a) By pushing the ball under water, you displace an additional amount of water equal to 84% of the 
ball’s volume or (0.84)(7238 cm*) = 6080 cm’. This much water has a mass of 6080 g = 6.080 kg and weighs 


(6.080 kg)(9.80 m/ s?) = 59.6 N, which is how hard you’ll have to push to submerge the ball. 
(b) The upward force on the ball in excess of its own weight was found in part (a): 59.6 N. The ball’s mass is equal 
to the mass of water displaced when the ball is floating: 

(0.16)(7238 cm°)(1.00 g/cm?) =1158 g =1.158 kg, 


Fa _ 59.6N 


m 1.158 kg 
EVALUATE: When the ball is totally immersed the upward buoyant force on it is much larger than its weight. 


and its acceleration upon release is thus a = =51.5 m/s’. 
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14.75. (a) IDENTIFY: Apply Newton’s 2nd law to the crown. The buoyancy force is given by Archimedes’ principle. 
The target variable is the ratio p/p, (c=crown, w = water). 
SETUP: The free-body diagram for the crown is given in Figure 14.75. 
y EXECUTE: J F, =ma, 
. T+B-w=0 
B a=0 PSN 
B=p,V.g, where 
pP, = density of water, 
w V, = volume of crown 
Figure 14.75 
Then fw+ p V.g-w=0. 
l- f)w=p Vg 
Use w=pV.g, where p, = density of crown. 
I-A PVs =P Vg 
2e- , as was to be shown. 
Py l- 
f —0 gives p,/ p, =1 and T =0. These values are consistent. If the density of the crown equals the density of 
the water, the crown just floats, fully submerged, and the tension should be zero. 
When f—>1, p,>>p, and T=w. If p, >> p, then B is negligible relative to the weight w of the crown and T 
should equal w. 
(b) “apparent weight” equals T in rope when the crown is immersed in water. T = fw, so need to compute f. 
p, =19.3x10° kg/m’; p, =1.00x10° kg/m? 
Pe 1. 19.3x10? kgm? 1 
—* =—— gives ; y= 
Py I-f 1.00x10° kg/m” 1-f 
19.3=1/1—f) and f =0.9482 
Then T = fw=(0.9482)(12.9 N) =12.2 N. 
(c) Now the density of the crown is very nearly the density of lead; 
p, =11.3x10° kg/m’. 
Pe 1 : 11.3x10° kg/m? 1 
=—— gives a z= 
Py i-f 1.00x10° kg/m’ 1-f 
11.3=1/(1- f) and f =0.9115 
Then T = fw =(0.9115)(12.9 N) =11.8 N. 
EVALUATE: In part (c) the average density of the crown is less than in part (b), so the volume is greater. B is 
greater and T is less. These measurements can be used to determine if the crown is solid gold, without damaging 
the crown. 
14.76. IDENTIFY: Problem 14.75 says Poja i , where the apparent weight of the object when it is totally 
Pruia = 


immersed in the fluid is fw. 
SETUP: For the object in water, f, 


water — “water 


EXECUTE: (a) Poot W Pwan YO, Dividing the second of these by the first gives 


Puia W- Waa  Ptuia W T Water 
Pruia _ WT Waia 


wW W water 


/wand for the object in the unknown fluid, foi =Wanig/W - 


P water 


(b) When w,,,,18 greater than w the term on the right in the above expression is less than one, indicating that 


water, 


the fluids is less dense than water, and this is consistent with the buoyant force when suspended in liquid being less 
than that when suspended in water. If the density of the fluid is the same as that of water Wauia = Wyater > &S 


expected. Similarly, if w,,,; is less than w the term on the right in the above expression is greater than one, 


water ? 


indicating that the fluid is denser than water. 
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14.79, 


14.80. 


(c) Writing the result of part (a) as Poia — 1 Saua 


water J water 


, and solving for fjuias 


Fig =1—2-(1 = fae )=1-(1.220) (0.128) = 0.844 = 84.4%, 


water 


EVALUATE: Formic acid has density greater than the density of water. When the object is immersed in formic 
acid the buoyant force is greater and the apparent weight is less than when the object is immersed in water. 
IDENTIFY and SET Up: Use Archimedes’ principle for B. 

(a) B= PyateYiog, Where Vo is the total volume of the object. 


tot 
V, 


tot 


=V +V, where V,, is the volume of the metal. 


EXECUTE: JV, =w/gp,, so V, 


tot = W/E Pm +Vo 
This gives B = Py iter g (WE Pm +o) 
Solving for V, gives V) = B/(Pyater) — W/(PmZ), as was to be shown. 
(b) The expression derived in part (a) gives 
y= 20N 156N 

° (1000 kg/m*)(9.80 m/s?) (8.9x10° kg/m*)(9.80 m/s”) 
y = B 20 N 

O Praag (1000 kg/m*)(9.80 m/s”) 


EVALUATE: When V, —>0, the object is solid and V,,, = Vn =w/(p,,g). For V, =0, the result in part (a) gives 


=2.52x10* m? 


=2.04x107° m° and V/V, 


tot 


=(2.52x10* m°)/(2.04x10”° m°) =0.124. 


B =(W/ Pm) Py =VnPw& =V oP Which agrees with Archimedes’ principle. As V, increases with the weight kept 


fixed, the total volume of the object increases and there is an increase in B. 

IDENTIFY: For a floating object the buoyant force equals the weight of the object. Archimedes’s principle says 
the buoyant force equals the weight of fluid displaced by the object. m= pV . 

SETUP: Let d be the depth of the oil layer, A the depth that the cube is submerged in the water, and L be the 
length of a side of the cube. 

EXECUTE: (a) Setting the buoyant force equal to the weight and canceling the common factors of g and the 
cross-section area, (1000)% + (750)d =(550)L . d, h and L are related by d+h+0.35L=L,so h=0.65L-d. 


= (0.65)(1000) -(550)_ a, _ 
=£"~(1000)-(750) s 040m - 


(b) The gauge pressure at the lower face must be sufficient to support the block (the oil exerts only sideways forces 
directly on the block), and p= p,,,.4gL = (550 kg/m*)(9.80 m/s)(0.100 m) = 539 Pa. 

EVALUATE: As a check, the gauge pressure, found from the depths and densities of the fluids, is 

[(0.040 m)(750 kg/m’) + (0.025 m)(1000 kg/m*)|(9.80 m/s”) = 539 Pa. 


IDENTIFY and SET Up: Apply the first condition of equilibrium to the barge plus the anchor. Use Archimedes’ 
principle to relate the weight of the boat and anchor to the amount of water displaced. In both cases the total 
buoyant force must equal the weight of the barge plus the weight of the anchor. Thus the total amount of water 
displaced must be the same when the anchor is in the boat as when it is over the side. When the anchor is in the 
water the barge displaces less water, less by the amount the anchor displaces. Thus the barge rises in the water. 


EXECUTE: The volume of the anchor is Vaa = m/p =(35.0 kg)/(7860 kg/m*) = 4.456 x10 m°. The barge rises 


anchor 


Substitution into the first relation gives d 


in the water a vertical distance A given by AA =4.453x10~ m°, where A is the area of the bottom of the barge. 

h =(4.453x107 m*)/(8.00 m°) =5.57x107 m. 

EVALUATE: The barge rises a very small amount. The buoyancy force on the barge plus the buoyancy force on 
the anchor must equal the weight of the barge plus the weight of the anchor. When the anchor is in the water, the 
buoyancy force on it is less than its weight (the anchor doesn’t float on its own), so part of the buoyancy force on 
the barge is used to help support the anchor. If the rope is cut, the buoyancy force on the barge must equal only the 
weight of the barge and the barge rises still farther. 


IDENTIFY: Apply XF, , =ma, to the barrel, with +y upward. The buoyant force on the barrel is given by 
Archimedes’s principle. 

SETUP: —,,=m,,/V . An object floats in a fluid if its average density is less than the density of the fluid. The 
density of seawater is 1030 kg/m’. 


EXECUTE: (a) The average density of a filled barrel is Moi ~ Part Tuss =750kg/m* ae -875 kg/m’, 
120m 


which is less than the density of seawater, so the barrel floats. 
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(b) The fraction above the surface (see Problem 14.29) is 


3 
fp Petes i SRM isp =15 00%. 
Prwater 1030 kg/m 


c) The average density is 910 kg/m? y 220kg. =1172 kg/m’, which means the barrel sinks. In order to lift it, a 
8 y 8 0120m’ 8 


tension T = w,, — B =(1177 kg/m*)(0.120 m°)(9.80 m/s?) — (1030 kg/m*)(0.120 m*)(9.80 m/s”) =173 N is 


required. 
EVALUATE: When the barrel floats, the buoyant force B equals its weight, w. In part (c) the buoyant force is less 
than the weight and T=w-B. 
IDENTIFY: Apply Newton’s 2nd law to the block. In part (a), use Archimedes’ principle for the buoyancy force. 
In part (b), use Eq.(14.6) to find the pressure at the lower face of the block and then use Eq.(14.3) to calculate the 
force the fluid exerts. 
(a) SETUP: The free-body diagram for the block is given in Figure 14.81a. 

k 


B EXECUTE: J F, =ma, 
a=0 B- mg = 0 
x PV iS = PV oS 
mg 
Figure 14.81a 


The fraction of the volume that is submerged is V/V = PBPL- 


Thus the fraction that is above the surface is V,,.../V =1— Pp/PL- 
EVALUATE: If p, = 2, the block is totally submerged as it floats. 
(b) SETUP: Let the water layer have depth d, as shown in Figure 14.81b. 


water 


EXECUTE: p=p,+/,2gd+p,g(L-d) 
Applying JF, = ma, to the block gives 
(p - py)A—mg =0. 


mercury 


Figure 14.81b 
[psd + p g(L-d)]A = ppl Ag 
A and g divide out and p,d+p,(L—-d)=p,L 
d(Py — PL) = (Pa ~ PIL 
PLT Pw 
Guz 13.6x10° kg/m? —7.8x10° kg/m? 
13.6x10° kg/m* —1000 kg/m’ 
EVALUATE: In the expression derived in part (b), if 9, = p, the block floats in the liquid totally submerged and 


Joio m) = 0.0460 m = 4.60 cm 


no water needs to be added. If p, > p, the block continues to float with a fraction 1—p,/p,, above the water as 
water is added, and the water never reaches the top of the block (d — œ). 

IDENTIFY: For the floating tanker, the buoyant force equals its total weight. The buoyant force is given by 
Archimedes’s principle. 

SET Up: When the metal is in the tanker, it displaces its weight of water and after it has been pushed overboard it 
displaces its volume of water. 


sec gist f ; A : 
EXECUTE: (a) The change in height Ay is related to the displaced volume AV by Ay = y, where A is the 


surface area of the water in the lock. AV is the volume of water that has the same weight as the metal, so 
AV WPu) w (2.50x10° N) dees 
A A PouegA (1.00x10° kg/m*)(9.80 m/s”)[(60.0 m)(20.0 m)] ` 


3 m. 


Fluid Mechanics 14-23 


14.83. 


14.84. 


14.85. 


14.86. 


(b) In this case, AV is the volume of the metal; in the above expression, yaer 1S replaced by Prei =9-00 patero 


which gives Ay’ = Z, and Ay — Ay’ = Bay =0.189 m; the water level falls this amount. 


EVALUATE: The density of the metal is greater than the density of water, so the volume of water that has the 
same weight as the steel is greater than the volume of water that has the same volume as the steel. 

IDENTIFY: Consider the fluid in the horizontal part of the tube. This fluid, with mass AI, is subject to a net 
force due to the pressure difference between the ends of the tube 

SETUP: The difference between the gauge pressures at the bottoms of the ends of the tubes is pg(y, — yk) - 


EXECUTE: The net force on the horizontal part of the fluid is pg(y, — y,)A = pAla, or, (vy, — Vp) = eae 
g 


(b) Again consider the fluid in the horizontal part of the tube. As in part (a), the fluid is accelerating; the center of 
mass has a radial acceleration of magnitude a,,; = @'//2, and so the difference in heights between the columns 

is (@'1/2)(I/g) = @l’/2g. An equivalent way to do part (b) is to break the fluid in the horizontal part of the tube 
into elements of thickness dr; the pressure difference between the sides of this piece is dp = p(w’r)dr and 
integrating from r =0 tor =/ gives Ap = pa’l’/2, the same result. 

EVALUATE: (c) The pressure at the bottom of each arm is proportional to p and the mass of fluid in the 


horizontal portion of the tube is proportional to p , so p divides out and the results are independent of the density of 


the fluid. The pressure at the bottom of a vertical arm is independent of the cross-sectional area of the arm. 
Newton’s second law could be applied to a cross-section of fluid smaller than that of the tubes. Therefore, the 
results are independent and of the size and shape of all parts of the tube. 


IDENTIFY: Apply YF = ma to a small fluid element located a distance r from the axis. 


SET Up: For rotational motion, a=@’r . 

EXECUTE: (a) The change in pressure with respect to the vertical distance supplies the force necessary to keep a 
fluid element in vertical equilibrium (opposing the weight). For the rotating fluid, the change in pressure with 
respect to radius supplies the force necessary to keep a fluid element accelerating toward the axis; specifically, 


Pay = pa dr, and using a=w’r gives OP por. 


a ôr 


(b) Let the pressure at y =0, r =0 be p, (atmospheric pressure); integrating the expression for 2 from part (a) 
r 


2 
po Pe 


gives p(r, y=0)=p, + 


(c) In Eq. (14.5), p, = p,, p= p, = p(r, y =0) as found in part (b), y, = 0 and y, =A(r), the height of the liquid 
above the y =0 plane. Using the result of part (b) gives A(r) = @’r7/2g. 


EVALUATE: The curvature of the surface increases as the speed of rotation increases. 
IDENTIFY: Follow the procedure specified in part (a) and integrate this result for part (b). 


SETUP: A rotating particle a distance r’ from the rotation axis has inward acceleration œ°r'. 
EXECUTE: (a) The net inward force is ( pt dp)A — pA = Adp, and the mass of the fluid element is pAdr’. Using 


Newton’s second law, with the inward radial acceleration of w’r’, gives dp = pa’r'dr'. 


n 2 
(b) Integrating the above expression, Í “dp =Í par'dr’ and p-p, = (=) (r?° —r’,), which is the desired result. 
Po To 
(c) The net force on the object must be the same as that on a fluid element of the same shape. Such a fluid element 
is accelerating inward with an acceleration of magnitude OR m, and so the force on the object is pV’R,,,. 
(d) If PR em > Paf 


radius R mos at angular frequency œ , and the object moves inward. If pR,,, < PaæR, 


the inward force is greater than that needed to keep the object moving in a circle with 


cm ob? 


the net force is insufficient 


cm ob? 
to keep the object in the circular motion at that radius, and the object moves outward. 
(e) Objects with lower densities will tend to move toward the center, and objects with higher densities will tend to 
move away from the center. 

EVALUATE: The pressure in the fluid increases as the distance r from the rotation axis increases. 

IDENTIFY: Follow the procedure specified in the problem. 

SETUP: Let increasing x correspond to moving toward the back of the car. 
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EXECUTE: (a) The mass of air in the volume element is pdV = pAdx , and the net force on the element in the 


forward direction is ( p+dp)A-pA=Adp. From Newton’s second law, Adp =(pAdx)a, from which dp = padx. 


(b) With p given to be constant, and with p= p, at x=0, p= P, + pax. 


(c) Using p =1.2 kg/m’ in the result of part (b) gives (1.2 kg/m*)(5.0 m/s*)(2.5 m) =15.0 Pa =15x10~p,,,, , so the 


fractional pressure difference is negligible. 
(d) Following the argument in Section 14.4, the force on the balloon must be the same as the force on the same 
volume of air; this force is the product of the mass pV and the acceleration, or pVa. 


(e) The acceleration of the balloon is the force found in part (d) divided by the mass p,,,V, or (p/p,,.,)a. The 
acceleration relative to the car is the difference between this acceleration and the car’s acceleration, 

aea =[(P/Ppai) — Ha. 

(f) For a balloon filled with air, ( pl Poa) <1 (air balloons tend to sink in still air), and so the quantity in square 


brackets in the result of part (e) is negative; the balloon moves to the back of the car. For a helium balloon, the 
quantity in square brackets is positive, and the balloon moves to the front of the car. 

EVALUATE: The pressure in the air inside the car increases with distance from the windshield toward the rear of 
the car. This pressure increase is proportional to the acceleration of the car. 

IDENTIFY: After leaving the tank, the water is in free fall, with a, =Qand a,=+g. 


SETUP: From Example 14.8, the speed of efflux is /2gh . 


EXECUTE: (a) The time it takes any portion of the water to reach the ground is ¢ = Aa. in which time the 


water travels a horizontal distance R = vt =2,/h(H — h). 

(b) Note that if h' = H —h,h'(H —h’')=(H —h)h, and so h'=H —h gives the same range. A hole H —h below the 
water surface is a distance h above the bottom of the tank. 

EVALUATE: For the special case of h = H/2, h=h' and the two points coincide. For the upper hole the speed of 
efflux is less but the time in the air during the free-fall is greater. 

IDENTIFY: Use Bernoulli’s equation to find the velocity with which the water flows out the hole. 


SET Up: The water level in the vessel will rise until the volume flow rate into the vessel, 2.40x10~* m?/s, 
equals the volume flow rate out the hole in the bottom. 


Let points 1 and 2 be chosen 
as in Figure 14.88. 


Figure 14.88 
EXECUTE: Bernoulli’s equation: p, + pgy,++py = p, + pgy, ++ pv; 
Volume flow rate out of hole equals volume flow rate from tube gives that v,4, =2.40x10~ m*/s and 
_ 240x10“ m’/s 


~1.50«10 m? 
A, > A, and v4 =v,4, says that 4 pv? <4 pv}; neglect the + pv? term. 


=1.60 m/s 


Vy 


Measure y from the bottom of the bucket, so y, =0 and y, =A. 

pP, =P, =p, (air pressure) 

Then p, +pgh= p, ++}pv} and h=v;/2g = (1.60 m/s) /2(9.80 m/s’) = 0.131 m=13.1 cm 

EVALUATE: The greater the flow rate into the bucket, the larger v, will be at equilibrium and the higher the 


water will rise in the bucket. 
IDENTIFY: Apply Bernoulli’s equation and the equation of continuity. 


SETUP: Example 14.8 says the speed of efflux is 4/2gh , where A is the distance of the hole below the surface of 
the fluid. 
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EXECUTE: (a) v,4, =/22(y, — y,)4 = /2(9.80 m/s?)(8.00 m) (0.0160 m?) = 0.200 m’/s. 


2 
( ; i : ; 1 1 A 8 
(b) Since p, is atmospheric, the gauge pressure at point 2 is p, = 3 po -Vv5) = 5 pv; q (4) } 9 pg(y,- V3) 
2 


using the expression for v, found above. Substitution of numerical values gives p, =6.97x10* Pa. 
EVALUATE: We could also calculate p, by applying Bernoulli’s equation to points 1 and 2. 
IDENTIFY: Apply Bernoulli’s equation to the air in the hurricane. 

SETUP: Fora particle a distance r from the axis, the angular momentum is L = mvr . 

EXECUTE: (a) Using the constancy of angular momentum, the product of the radius and speed is constant, so the 
30 
350 
(b) The pressure is lower at the eye, by an amount 


speed at the rim is about (200 kvn ( )- 17 km/h. 


1 m/s 


1 
Ap =—(1.2 kg/m*)((200 km/h)’ — (17 km/h)*)} ———"— 
p = —(1.2 kg/m" )(( X -( (es 


2 
oe =1.8x10° Pa. 
2 


(c) v? -160 
>= m. 
2g 


(d) The pressure difference at higher altitudes is even greater. 
EVALUATE: According to Bernoulli’s equation, the pressure decreases when the fluid velocity increases. 
IDENTIFY: Apply Bernoulli’s equation and the equation of continuity. 


SETUP: Example 14.8 shows that the speed of efflux at point D is 4/2gh, . 


EXECUTE: Applying the equation of continuity to points at C and D gives that the fluid speed is \8gh, at C. 

Applying Bernoulli’s equation to points A and C gives that the gauge pressure at Cis pgh —4pgh,=—3pgh, and 

this is the gauge pressure at the surface of the fluid at E. The height of the fluid in the column is A, = 3h,. 

EVALUATE: The gauge pressure at C is less than the gauge pressure pgh, at the bottom of tank A because of the 

speed of the fluid at C. 

IDENTIFY: Apply Bernoulli’s equation to points 1 and 2. Apply p = p, + gh to both arms of the U-shaped tube 

in order to calculate h. 

SETUP: The discharge rate is vA, =v,A, . The density of mercury is p„ =13.6x10° kg/m’ and the density of 

water is p, =1.00x10° kg/m’. Let point 1 be where 4, = 40.0x10~ m° and point 2 is where A, =10.0x10* m°. 

Vi =)2- 

6.00x107 kg/m? 
40.0x10* m? 

(b) P+ PRY, + 3PM = Prt PRY. +3 P73. 

Pi — Pa =} P(V; —v;) = 41000 kg/m’)([6.00 m/s]? —[1.50 m/s]’) =1.69x10* Pa 

(c) D,+ Pygh= p, + pgh and h= P-P _ 5 eo. k > =~ =0.137 m=13.7 cm. 

(Pn -PwgZ (3.6x10° kg/m’ —1.00x10° kg/m” )(9.80 m/s“) 
EVALUATE: The pressure in the fluid decreases when the speed of the fluid increases. 
(a) IDENTIFY: Apply constant acceleration equations to the falling liquid to find its speed as a function of the 


distance below the outlet. Then apply Eq.(14.10) to relate the speed to the radius of the stream. 
SET Up: 


6.00x10° kg/m’ 


== = 6.00 m/s 
10.0x10* m 


EXECUTE: (a) v = =1.50 m/s. v, = 


Let point 1 be at the end of the pipe 
and let point 2 be in the stream of 
l liquid at a distance y, below the end 
» of the tube, as shown in Figure 14.93. 


7 


Figure 14.93 


Consider the free-fall of the liquid. Take + y to be downward. 
Free-fall implies a, =g. v, is positive, so replace it by the speed v. 
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EXECUTE: v? =v? +2a(y—y) gives v? =v? +2gy, and v, =; v? +2gy,. 
Equation of continuity says v4 =v,4, 


And since A= mr’ this becomes vzr? = vzr; and v, =v (r/n). 
Use this in the above to eliminate v,: v,(77/r7) =4/v; +227, 


2 1/4 
n =n 0 +2gy,) 
To correspond to the notation in the problem, let v, =v, and 7 =7, since point 1 is where the liquid first leaves 


1/4 


the pipe, and let r, ber and y, be y. The equation we have derived then becomes r =y Jw (v +22y) 

(b) v, =1.20 m/s 

We want the value of y that gives r=37, or % =2r 

The result obtained in part (a) says r*(v5 +2gy) =r ve 

[(,/r)* -1]v, _ (16 -1)(1.20 m/s)? 
2g ~~-2(9.80 mis’) 

EVALUATE: The equation derived in part (a) says that r decreases with distance below the end of the pipe. 

IDENTIFY: Apply J.F, =a, to the rock. 


=1.10m 


Solving for y gives y= 


SET Up: In the accelerated frame, all of the quantities that depend on g (weights, buoyant forces, gauge pressures 
and hence tensions) may be replaced by g'= g +a, with the positive direction taken upward. 


EXECUTE: (a) The volume V of the rock is 
B  _ w-T _ (3.00 kg)(9.80 m/s) — 21.0 N) 


= = =8.57 x10” m’. 
Pang Prater (1-00 10° kg/m°)(9.80 m/s*) 


V= 


(b) The tension is T =mg'- B' = (m - pV )g' aN where T, =21.0N. g'=g +a .For a=2.50 m/s’, 
= 9.80 +2.50 _ 
T = (21.0 N)>80 +2.50 264 N . 


(©) For a =-2.50 m/s? , T = (21.0 N) 2804.90 -15.6 N. 


(d) If a=-g, g’=Oand T=0. 

EVALUATE: The acceleration of the water alters the buoyant force it exerts. 

IDENTIFY: The sum of the vertical forces on the object must be zero. 

SETUP: The depth of the bottom of the styrofoam is not given; let this depth be h,. Denote the length of the 


piece of foam by L and the length of the two sides by /. The volume of the object is $/°L. 


EXECUTE: (a) The tension in the cord plus the weight must be equal to the buoyant force, so 
T =V2(Pyoter ~ Proam) = + (0.20 m)*(0.50 m)(9.80 m/s*)(1000 kg/m?’ —180 kg/m’) =80.4 N . 


(b) The pressure force on the bottom of the foam is (p, + pgh yi (V21 ) and is directed up. The pressure on each 


side is not constant; the force can be found by integrating, or using the results of Problem 14.49 or Problem 14.51. 
Although these problems found forces on vertical surfaces, the result that the force is the product of the average 


pressure and the area is valid. The average pressure is p, + pg (h — (// (2V2)), and the force on one side has 


magnitude (p, + pg(hy — UNLI 
and is directed perpendicular to the side, at an angle of 45.0° from the vertical. The force on the other side has the 
same magnitude, but has a horizontal component that is opposite that of the other side. The horizontal component 


of the net buoyant force is zero, and the vertical component is 
2 


Ll 
B = (py + ply )LIN2 — 2(c0845.0°\ py + Pgh —I(2V2)))LI = pg—, 


the weight of the water displaced. 

EVALUATE: The density of the object is less than the density of water, so if the cord were cut the object would 
float. When the object is fully submerged, the upward buoyant force is greater than its weight and the cord must 
pull downward on the object to hold it beneath the surface. 
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IDENTIFY: Use the efflux speed to calculate the volume flow rate and integrate to find the time for the entire 
volume of water to flow out of the tank. 


SET Up: When the level of the water is a height y above the opening, the efflux speed is 2gy, and 
ao =n(d/2)2gy. 


2} 42 ; 
EXECUTE: As the tank drains, the height decreases, and dy = ayat = mdz) SEN = 4 2gy. This is 
dt A m(D/2) D 


2 
a separable differential equation, and the time T to drain the tank is found from OP (2) 4/2gdt, which 


= 
integrates to [W], =- (<) 2a, or r-(2) 2 -(2) fe 


EVALUATE: Even though the volume flow rate approaches zero as the tank drains, it empties in a finite amount 
of time. Doubling the height of the tank doubles the volume of water in the tank but increases the time to drain by 
only a factor of V2. 

IDENTIFY: Apply Bernoulli’s equation to the fluid in the siphon. 

SET Up: Example 14.8 shows that the efflux speed from a small hole a distance A below the surface of fluid in a 
large open tank is J2gh : 

EXECUTE: (a) The fact that the water first moves upwards before leaving the siphon does not change the efflux 
speed, 2gh ; 

(b) Water will not flow if the absolute (not gauge) pressure would be negative. The hose is open to the atmosphere 
at the bottom, so the pressure at the top of the siphon is p, — pg(H +h), where the assumption that the cross- 


section area is constant has been used to equate the speed of the liquid at the top and bottom. Setting p=0 and 
solving for H gives H =(p,/pg)—h. 


Pa 
PE 


EVALUATE: The analysis shows that H +h < , so there is also a limitation on H +h. For water and normal 


atmospheric pressure, Pa -10.3 m. 
PE 


IDENTIFY and SETUP: Apply p= p, + pgh. 


EXECUTE: Any bubbles will cause inaccuracies. At the bubble, the pressure at the surfaces of the water will be 

the same, but the levels need not be the same. The use of a hose as a level assumes that pressure is the same at all 
points that are at the same level, an assumption that is invalidated by the bubble. 

EVALUATE: Larger bubbles can cause larger inaccuracies, because there can be greater changes in height across 
the length of the bubble. 


MECHANICAL WAVES 


15.1. 


15.2. 


15.3. 


15.4. 


15.5. 


IDENTIFY: v=/4.T=1/f is the time for one complete vibration. 
SETUP: The frequency of the note one octave higher is 1568 Hz. 


Execute: (a) A=% =344 S 0439m. T=L=1.28 ms. 
f 784Hz f 
(b) a=% 24S 0219m. 
f 1568 Hz 


EVALUATE: When fis doubled, 7 is halved. 
IDENTIFY: The distance between adjacent dots is 2. v= fA . The long-wavelength sound has the lowest 


frequency, 20.0 Hz, and the short-wavelength sound has the highest frequency, 20.0 kHz. 
SET UP: For sound in air, v = 344 m/s. 


344 
EXECUTE: (a) Red dots: 2= = = a =17.2 m 
f 20.0 Hz 
Biede dem ™ a en. 
20.0x10° Hz 
(b) In each case the separation easily can be measured with a meterstick. 
1480 m/ 
(©) Red dots: 4 =" = -7S = 74.0 m 
f 20.0 Hz 
1480 m/s : i . 
Blue dots: 2 =———_,—_ = 0.0740 m = 7.40 cm . In each case the separation easily can be measured with a 
20.0 x10° Hz 


meterstick, although for the red dots a long tape measure would be more convenient. 

EVALUATE: Larger wavelengths correspond to smaller frequencies. When the wave speed increases, for a given 
frequency, the wavelength increases. 

IDENTIFY: v=fA=A/T. 


SET Up: 1.0 h=3600 s. The crest to crest distance is 4 . 
800x10° m 800 km 
y = — = 
3600 s 


EVALUATE: Since the wave speed is very high, the wave strikes with very little warning. 
IDENTIFY: fA=v 
SETUP: 1.0 mm=0.0010 m 
EXECUTE: poe AOU IS a ag) Hz 

A 0.0010 m 
EVALUATE: The frequency is much higher than the upper range of human hearing. 
IDENTIFY: v=/4.T=1/f. 


EXECUTE: =220 m/s. v = 800 km/h . 


SETUP: 1nm=10° m 


c _3.00x10° m/s 


EXECUTE: (a) 2=400 nm: f= =7.50x10" Hz. T=1/ f =1.33x10" s. 
“42 400x10° m ` 


_ 3.00x10* m/s 
700x10° m 
4.29x10" Hz and 7.50x10"* Hz . The periods lie between 1.33x10™ s and 2.33x10™ s. 


(b) T is very short and cannot be measured with a stopwatch. 
EVALUATE: Longer wavelength corresponds to smaller frequency and larger period. 


A=700nm: f =4.29x10 Hz. T =2.33x10™ s . The frequencies of visible light lie between 
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IDENTIFY: Compare y(x,t) given in the problem to the general form of Eq.(15.4). f =1/T and v= fa 


SET Up: The comparison gives 4=6.50 mm, 2=28.0 cm and T =0.0360s. 
EXECUTE: (a) 6.50 mm 
(b) 28.0 cm 


-i 1 ` 
OS gags O 


(d) v =(0.280 m)(27.8 Hz) =7.78 m/s 

(e) Since there is a minus sign in front of the ¢/T term, the wave is traveling in the +x-direction . 

EVALUATE: The speed of propagation does not depend on the amplitude of the wave. 

IDENTIFY: Use Eq.(15.1) to calculate v. T =1/f and k is defined by Eq.(15.5). The general form of the wave 


function is given by Eq.(15.8), which is the equation for the transverse displacement. 

SETUP: v=8.00 m/s, 4=0.0700 m, 2=0.320 m 

EXECUTE: (a) v= fA so f=v/A=(8.00 m/s)/(0.320 m) = 25.0 Hz 

T =1/ f =1/25.0 Hz = 0.0400 s 

k =22/2=27 rad/0.320 m =19.6 rad/m 

(b) For a wave traveling in the —x-direction, 

y(x, t)= Acos2z(x/A+t/T) (Eq.(15.8).) 

At x=0, y(0, t)=Acos2z(t/T), so y=A at t=0. This equation describes the wave specified in the problem. 

Substitute in numerical values: 

y(x, t) = (0.0700 m)cos(2z(x/0.320 m+t/0.0400 s)). 

Or, y(x, t) = (0.0700 m)cos((19.6 m')x +(157 rad/s)@). 

(c) From part (b), y = (0.0700 m)cos(2z(x/0.320 m+t/0.0400 s)). 

Plug in x = 0.360 m and t=0.150 s: 

y = (0.0700 m)cos(27(0.360 m/0.320 m+ 0.150 s/0.0400 s)) 

y = (0.0700 m)cos[27(4.875 rad)] = +0.0495 m = +4.95 cm 

(d) In part (c) ¢=0.150 s. 

y=A means cos(2a(x/A+t/T))=1 

cosO=1 for 0=0, 22, 4z,...=n(2z) or n=0, 1, 2,... 

So y=A when 22(x/A4+t/T)=n(2z) or x/A+x/T=n 

t=T(n-x/A) = (0.0400 s)(n — 0.360 m/0.320 m) = (0.0400 s)(m —1.125) 

For n=4, t=0.1150s (before the instant in part (c)) 

For n=5, t=0.1550s (the first occurrence of y = A after the instant in part (c)) Thus the elapsed time is 

0.1550 s —0.1500 s = 0.0050 s. 

EVALUATE: Part (d) says y=A at 0.115 s and next at 0.155 s; the difference between these two times is 0.040 s, 

which is the period. At t=0.150s the particle at x =0.360 m is at y=4.95 cm and traveling upward. It takes 

T/4=0.0100 s for it to travel from y=0 to y= A, so our answer of 0.0050 s is reasonable. 

IDENTIFY: The general form of the wave function for a wave traveling in the —x-direction is given by Eq.(15.8). 

The time for one complete cycle to pass a point is the period T and the number that pass per second is the 

frequency f. The speed of a crest is the wave speed v and the maximum speed of a particle in the medium 

IS Vinx = @A . 

SET Up: Comparison to Eq.(15.8) gives A =3.75 cm, k =0.450 rad/cm and ø = 5.40 rad/s . 

2arad_ 2a rad 
5.40 rad/s 


EXECUTE: (a) T= =1.16 s . In one cycle a wave crest travels a distance 


ie 2arad_ 2m rad 

k 0.450 rad/cm 
(b) k =0.450 rad/em . f =1/T =0.862 Hz =0.862 waves/second . 
(c) v= fA = (0.862 Hz)(0.140 m) =0.121 m/s. Va; = @A = (5.40 rad/s)(3.75 cm) = 0.202 m/s . 


EVALUATE: The transverse velocity of the particles in the medium (water) is not the same as the velocity of the 
wave. 


=0.140 m. 
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IDENTIFY: Evaluate the partial derivatives and see if Eq.(15.12) is satisfied. 


SET UP: - cos(kx + wt) = —k sin(kx + at) . L cos(kx + wt) =—asin(kx + at). - sin(kx + æt) = k cos(kx + æt) . 
x x 


© sina + ot) = wsin(kx + at). 


2 2 
EXECUTE: (a) r =—Ak’ cos(kx + at). r =A’ cos(kx + ot). Eq.(15.12) is satisfied, if v= @/k . 
X t 
oy goa Oy 2. è x n 
(b) pa =—Ak* sin(kx + at) . ae =—Aq@’ sin(kx + at) . Eq.(15.12) is satisfied, if v=a/k. 
x t 
2 2 
(c) = —kAsin(kx) . z =—k’Acos(kx) . z =—øAsin(æt) . — =-@’ Acos(at) . Eq.(15.12) is not satisfied. 
x x 


(d) v, = < = @Acos(kx + øt). a, = oy =—Aq’ sin(kx + of) 

EVALUATE: The functions cos(Ax + øt) and sin(kx + œt) differ only in phase. 

IDENTIFY:  v, and a, are given by Eqs.(15.9) and (15.10). 

SET Up: The sign of v, determines the direction of motion of a particle on the string. If v= 0 and a, # 0 the 
speed of the particle is increasing. If v, #0, the particle is speeding up if v, and a, have the same sign and 


slowing down if they have opposite signs. 
EXECUTE: (a) The graphs are given in Figure 15.10. 


(b) (i) v, =@Asin(0) =0 and the particle is instantaneously at rest. a, = —w’ A cos(0)=—w’A and the particle is 
speeding up. 

(ii) v, = @Asin(a/4) =@A/,/2, and the particle is moving up. a,=-0°A cos(x/4) =—wA/J2, and the particle is 
slowing down ( v, and a, have opposite sign). 

(ii) v, =@A4 sin(z/2) = wA and the particle is moving up. a, = —w’ Acos(z/2) =0 and the particle is 
instantaneously not accelerating. 

(iv) v, =@A sin(3z/4) = wA/V2, and the particle is moving up. a, = -w’A cos(32/4) = wA/J2, and the particle 
is speeding up. 

(v) v, =@Asin(z) = 0 and the particle is instantaneously at rest. a, = -w° Acos(x) = "A and the particle is 
speeding up. 

(vi) v, =@A sin(5z/4) = —wA/ V2 and the particle is moving down. a, = -œA cos(57/4) = o Af V2 and the 
particle is slowing down ( v, and a, have opposite sign). 

(vii) v, =@A sin(3z/2) =—@A and the particle is moving down. a, = -w A cos(3z/2)=0 and the particle is 
instantaneously not accelerating. 

(vili) v, =@A sin(7z/4) = —wAlV2, and the particle is moving down. a, = -w° Acos(72/4) = -œ AJ V2 and the 
particle is speeding up ( v, and a, have the same sign). 


EVALUATE: At ¢=0 the wave is represented by Figure 15.10a in the textbook: point (i) in the problem 
corresponds to the origin, and points (ii)-(viii) correspond to the points in the figure labeled 1-7. Our results agree 
with what is shown in the figure. 


Figure 15.10 
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15.11. IDENTIFY and SET Up: Read A and T from the graph. Apply Eq.(15.4) to determine 2 and then use Eq.(15.1) to 
calculate v. 
EXECUTE: (a) The maximum y is 4 mm (read from graph). 
(b) For either x the time for one full cycle is 0.040 s; this is the period. 
(c) Since y=0 for x=0 and t=0 and since the wave is traveling in the +x-direction then 


y(x, t) = Asin[2z(t/T —x/A)]. (The phase is different from the wave described by Eq.(15.4); for that wave y = A 
for x=0, t=0.) From the graph, if the wave is traveling in the +x-direction and if x =0 and x=0.090 m are 


within one wavelength the peak at t=0.01s for x=0 moves so that it occurs at t = 0.035 s (read from graph so 
is approximate) for x =0.090 m. The peak for x =0 is the first peak past t =0 so corresponds to the first 
maximum in sin[2z(t/T —x/A)] and hence occurs at 2æ(t/T —x/A)=7/2. If this same peak moves to 


t, =0.035 s at x, =0.090 m, then 

2n(t,/T —x,/A)= 2/2 

Solve for A: ¢,/T—x,/A=1/4 

x,/A =t,/T —1/4=0.035 s/0.040 s —0.25 = 0.625 

A =x,/0.625 = 0.090 m/0.625 = 0.14 m. 

Then v= fA=A/T =0.14 m/0.040 s =3.5 m/s. 

(d) If the wave is traveling in the —x-direction, then y(x, t)= Asin(2a(t/T +x/A)) and the peak at t=0.050 s 
for x =0 corresponds to the peak at 7, =0.035 s for x, =0.090 m. This peak at x =0 is the second peak past the 
origin so corresponds to 27(¢/T +.x/A)=5z/2. If this same peak moves to ¢, = 0.035 s for x, =0.090 m, then 
2a(t/T +x/4)=57/2. 

t/T+x/4=5/4 

x,/A=5/4-1,/T =5/4-0.035 s/0.040 s = 0.375 

A = x, /0.375 = 0.090 m/0.375 = 0.24 m. 

Then v= fA = A/T =0.24 m/0.040 s = 6.0 m/s. 

EVALUATE: No. Wouldn’t know which point in the wave at x=0 moved to which point at x = 0.090 m. 


15.12. IDENTIFY: =D v=fà=4IT. 
t 


SET UP: TE v Jra 7 in E D 
Ot a A 
A 


2 A 2 A , 
cos “(1 21) = +Acos at vt) where Roe =v has been used. 


(c) The speed is the greatest when the sine is 1, and that speed is 27vA/A . This will be equal tov if A=4/27, 
less than vif 4<A/2m and greater than v if A>A/2z. 
EVALUATE: The propagation speed applies to all points on the string. The transverse speed of a particle of the 
string depends on both x and ¢. 
15.13. IDENTIFY: Follow the procedure specified in the problem. 
SETUP: For / and x in cm, vin cm/s and ¢ in s, the argument of the cosine is in radians. 
EXECUTE: (a) ¢=0: 
x(em) 0.00 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 
y(em) 0.300 0.212 0 -0.212 —0.300 -0.212 0 0.212 0.300 
The graph is shown in Figure 15.13a. 
(b) (i) t =0.400 s: 
x(cm) 0.00 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 
y(cm) —0.221 —0.0131 0.203 0.300 0.221 0.0131 —0.203 -0.300 -0.221 
The graph is shown in Figure 15.13b. 
(ii) t= 0.800 s: 
x(cm) 0.00 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 
y(cm) 0.0262 —0.193 —0.300 -0.230 -0.0262 0.193 0.300 0.230 0.0262 
The graph is shown in Figure 15.13c. 
(iii) The graphs show that the wave is traveling in +x-direction. 
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15.14. 


15.15. 


15.16. 


EVALUATE: We know that Eq.(15.3) is for a wave traveling in the +x-direction, and y(x,t) is derived from this. 


This is consistent with the direction of propagation we deduced from our graph. 
J 


t = 0.400 s 


(b) 


t = 0.800 s 


(© 
Figure 15.13 


IDENTIFY: The frequency and wavelength determine the wave speed and the wave speed depends on the 
tension. 


SET UP: fE. u=mlL.v=få. 
u 


.120 k 
EXECUTE: F= uv’ =n(fA) = OTOKE o.o Hz][0.750 m])* = 43.2 N 
50m 
EVALUATE: Ifthe frequency is held fixed, increasing the tension will increase the wavelength. 
IDENTIFY and SET Up: Use Eq.(15.13) to calculate the wave speed. Then use Eq.(15.1) to calculate the 
wavelength. 
EXECUTE: (a) The tension F in the rope is the weight of the hanging mass: 


F =mg =(1.50 kg)(9.80 m/s?) =14.7 N 


v=/F/u =,/14.7 N/(0.0550 kg/m) = 16.3 m/s 
(b) v= fA so A=v/ f =(16.3 m/s)/120 Hz = 0.136 m. 


(c) EVALUATE: v=,/F/u, where F =mg. Doubling m increases v by a factor of V2. A= vif. fremains 120 Hz 
and v increases by a factor of V2, so A increases by a factor of V2. 


IDENTIFY: For transverse waves on a string, v =4/F / u . The general form of the equation for waves traveling in 
the +x-direction is y(x,t) = Acos(kx — øt) . For waves traveling in the —x-direction it is y(x,t) = Acos(kx + @f) . 
v=ølk. 
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15.17. 


15.18. 


15.19. 


15.20. 


SET Up: Comparison to the general equation gives 4=8.50 mm, k =172 rad/mand @ = 2730 rad/s . The string 
has mass 0.128 kg and u =m/L =0.0850 kg/m. 
EXECUTE: (a) ps RE m/s. t= 
k 172 rad/m 
(b) W =F = uv? = (0.0850 kg/m)(15.9 m/s)’ =21.5 
2arad_ 27 rad 
k 172 rad/m 


d 150m _ 9 9943 ga 
v 15.9 m/s 
N 


(c) A= = 0.0365 m . The number of wavelengths along the length of the string is 


1.50 m 


0.0365 m 
(d) For a wave traveling in the opposite direction, y(x,t) =(8.50 mm)cos([172 rad/m]x +[2730 rad/s]t) 


EVALUATE: We have assumed that the tension in the string is constant and equal to W. In reality the tension will 
vary along the length of the string because of the weight of the string and the wave speed will therefore vary along 
the string. The tension at the lower end of the string will be W = 21.5 N and at the upper end it is 

W +1.25 N = 22.8 N „an increase of 6%. 

IDENTIFY: For transverse waves on a string, v=/F/u.v=fA. 

SETUP: The wire has uw =m/L =(0.0165 kg)/(0.750 m) =0.0220 kg/m. 

EXECUTE: (a) v= f/4=(875 Hz)(3.33x10~ m) = 29.1 m/s . The tension is 

F = uv’ = (0.0220 kg/m)(29.1 m/s)’ =18.6N . 

(b) v=29.1 m/s 

EVALUATE: If / is kept fixed, the wave speed and the frequency increase when the tension is increased. 
IDENTIFY: Apply SE =0 to determine the tension at different points of the rope. v=4F/ u. 

samples = 20.0 kg, Mope = 2.00 kg and u = 0.0250 kg/m 

EXECUTE: (a) The tension at the bottom of the rope is due to the weight of the load, and the speed is the same 
88.5m/s as found in Example 15.3. 

(b) The tension at the middle of the rope is (21.0 kg)(9.80 m/s”) = 205.8 N and the wave speed is 90.7m/s. 


(©) The tension at the top of the rope is (22.0 kg)(9.80 m/s”) = 215.6 m/s and the speed is 92.9 m/s. (See 


Challenge Problem (15.82) for the effects of varying tension on the time it takes to send signals.) 
EVALUATE: The tension increases toward the top of the rope, so the wave speed increases from the bottom of the 
rope to the top of the rope. 


IDENTIFY: v= /jF/u.v= fA. The general form for y(x,f) is given in Eq.(15.4), where T =1/ f . Eq.(15.10) 
=@A=(2rf) A. 


SET Up: From Example 15.3, m 


rope 


says that the maximum transverse acceleration is a 
SETUP: u =0.0500 kg/m 

EXECUTE: (a) v=4/F/u =./(5.00 N)/(0.0500 kg/m) =10.0 m/s 

(b) A=v/ f =(10.0 m/s)/(40.0 Hz) =0.250 m 

(© y(x,t) = A cos(kx - ot). k =22/2 =8.007 rad/m; @=22f =80.07 rad/s. 
y(x,t) = (3.00 cm)cos[ (8.00 rad/m)x — (80.07 rad/s)t] 

(d) v, =+4o sin(kx — ot) and a, = —A@’cos(kx - œt) . a, 


y, max 


max 


= Aw’ = A(22f) =1890 m/s? . 
(e) a, maxis much larger than g, so it is a reasonable approximation to ignore gravity. 
EVALUATE: y(x,t)in part (c) gives y(0,0) = A, which does correspond to the oscillator having maximum 


upward displacement at t =0 . 
IDENTIFY: Apply Eq.(15.25). 
SETUP: @w=22f. uw=m/L. 


EXECUTE: (a) P, a1 Fok. P= 2 (PRES Jes0 N)(27(120.0 Hz))?(1.6 x10 m)? =0.223 W 
2 2 0.80 m 

or 0.22 W to two figures. 

(b) P, is proportional to A’, so halving the amplitude quarters the average power, to 0.056 W. 

EVALUATE: The average power is also proportional to the square of the frequency. 
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15.21. 


15.22. 


15.23. 


15.24. 


15.25. 


2 
IDENTIFY: Fora point source, I = > and A =>, 
4rr L qr 
SETUP: 1 uW=10° W 
2 
EXECUTE: (a)n =", A = (30.0 m) ne = 
L 1x10% W/m 


2 


(b) BoT, with L, =1.0 uW/m? and 1, =2r,. 4-4 


es 
2 
3, h 


2 
=1,/4=0.25 uW/m’. 
5 
(c) P=1(42r’) = (10.0 W/m’)(47)(30.0 m}? =1.1x10° W 
EVALUATE: These are approximate calculations, that assume the sound is emitted uniformly in all directions and 
that ignore the effects of reflection, for example reflections from the ground. 
IDENTIFY: Apply Eq.(15.26). 


SETUP: J, =0.11 W/m’. r =7.5m. Set Z, =1.0 Wim’ and solve for r,. 
1 1 2 2. 


2 
EXECUTE: n= ne (7.5 m) aW =2.5 m, so it is possible to move 
L, 1.0 W/m 


r-n =7.5 m-2.5 m = 5.0 m closer to the source. 


EVALUATE: / increases as the distance r of the observer from the source decreases. 
IDENTIFY and SETUP: Apply Eq.(15.26) to relate Z and r. 


Power is related to intensity at a distance r by P = 1(4zr’). Energy is power times time. 

EXECUTE: (a) [77 =r; 

I, =I (r,/r,} = (0.026 W/m’)(4.3 m/3.1 m}? = 0.050 W/m? 

(b) P =42r7I =47(4.3 m} (0.026 W/m’) = 6.04 W 

Energy = Pt = (6.04 W)(3600 s) =2.2x10* J 

EVALUATE: We could have used r =3.1m and J=0.050 W/m’ in P=4zr7J and would have obtained the 


same P. Intensity becomes less as r increases because the radiated power spreads over a sphere of larger area. 
IDENTIFY: The tension and mass per unit length of the rope determine the wave speed. Compare y(x,f) given in 
the problem to the general form given in Eq.(15.8). v=@/k . The average power is given by Eq. (15.25). 

SET Up: Comparison with Eq.(15.8) gives 4=2.33 mm, k =6.98 rad/m and @=742 rad/s . 

EXECUTE: (a) 4=2.30 mm 


_ @ _ 742 rad/s _ 
O) f 25 = 8 Hz. 


227. 2m > 
255. Reap a 
742 rad/s 

OEE r E 
eT asec OA 


(e) The wave is traveling in the —x direction because the phase of y(x, t) has the form kx + at. 
(£) The linear mass density is u = (3.38 x10" kg)/(1.35 m) = 2.504 x10 kg/m, so the tension is 
F = uv’ =(2.504x107 kg/m)(106.3 m/s)? =28.3 N. 


(g) P, =4VuF oA = 1,((2.50x10° kg/m)(28.3 N)(742 rad/s)’(2.30x10~ m)? =0.39 W 

EVALUATE: In part (d) we could also calculate the wave speed as v = fA and we would obtain the same result. 
IDENTIFY: P=47r°I 

SET Up: From Example 15.5, 7 =0.250 W/m’ at r =15.0 m 

EXECUTE: P =4ar?I =42(15.0 m)*(0.250 W/m’) = 707 W 

EVALUATE: J =0.010 W/m’ at 75.0 m and 47(75.0 m)’ (0.010 W/m’) = 707 W . P is the average power of the 
sinusoidal waves emitted by the source. 
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15.26. IDENTIFY: The distance the wave shape travels in time ¢ is vt. The wave pulse reflects at the end of the string, at 
point O. 
SET Up: The reflected pulse is inverted when O is a fixed end and is not inverted when O is a free end. 
EXECUTE: (a) The wave form for the given times, respectively, is shown in Figure 15.26a. 
(b) The wave form for the given times, respectively, is shown in Figure 15.26b. 
EVALUATE: For the fixed end the result of the reflection is an inverted pulse traveling to the left and for the free 
end the result is an upright pulse traveling to the left. 


i E ee 


15 ms 20 ms 25 ms 30 ms 35 ms 40 ms 45 ms 


15 ms 20 ms 25 ms 30 ms 35 ms 40 ms 45 ms 
(b) 
Figure 15.26 


15.27. IDENTIFY: The distance the wave shape travels in time ¢ is vt. The wave pulse reflects at the end of the string, at 
point O. 
SETUP: The reflected pulse is inverted when O is a fixed end and is not inverted when O is a free end. 
EXECUTE: (a) The wave form for the given times, respectively, is shown in Figure 15.27a. 
(b) The wave form for the given times, respectively, is shown in Figure 15.27b. 
EVALUATE: For the fixed end the result of the reflection is an inverted pulse traveling to the left and for the free 
end the result is an upright pulse traveling to the left. 


Pl eee SER | el ee n =f © 


1.0 ms 2.0 ms 3.0 ms 4.0 ms 5.0 ms 6.0 ms 7.0 ms 


(a) 
1.0 ms 2.0 ms 3.0 ms 4.0 ms 5.0 ms 6.0 ms 7.0 ms 
(b) 


Figure 15.27 


15.28. IDENTIFY: Apply the principle of superposition. 
SETUP: The net displacement is the algebraic sum of the displacements due to each pulse. 
EXECUTE: The shape of the string at each specified time is shown in Figure 15.28. 
EVALUATE: The pulses interfere when they overlap but resume their original shape after they have completely 
passed through each other. 


eee eee ey Or ae 


0.250 s 0.500 s 0.750 s 1.00 s 1.25s 


Figure 15.28 


15.29. IDENTIFY: Apply the principle of superposition. 
SETUP: The net displacement is the algebraic sum of the displacements due to each pulse. 
EXECUTE: The shape of the string at each specified time is shown in Figure 15.29. 
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EVALUATE: The pulses interfere when they overlap but resume their original shape after they have completely 
passed through each other. 


t=0 YN 

t = 0.250 s YN 
t = 0.500 s —\ — 
mu A ee SS SS Se SS Se ee SS SS SS ee 
= 1,000 s — /— 
t= 1.250s Sf — 


Figure 15.29 
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15.30. 


15.31. 


IDENTIFY: Apply the principle of superposition. 

SETUP: The net displacement is the algebraic sum of the displacements due to each pulse. 

EXECUTE: The shape of the string at each specified time is shown in Figure 15.30. 

EVALUATE: The pulses interfere when they overlap but resume their original shape after they have completely 
passed through each other. 


t=7.0s 


r= e086 pf ANE EEE 


Figure 15.30 


IDENTIFY: Apply the principle of superposition. 

SETUP: The net displacement is the algebraic sum of the displacements due to each pulse. 

EXECUTE: The shape of the string at each specified time is shown in Figure 15.31. 

EVALUATE: The pulses interfere when they overlap but resume their original shape after they have completely 
passed through each other. 


4.00 s 


E 


6.00 s 


Figure 15.31 
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15.32. 


15.33. 


15.34. 


15.35. 


15.36. 


IDENTIFY: Y,a =), + y, . The string never moves at values of x for which sinkx =0. 

SETUP:  sin(A4+8)=sin Acos B + cos Asin B 

EXECUTE: (a) y,,, = 4sin(kx + of) + Asin(kx — øt) . 

Vnet = A[sin(Ax) cos(at) + cos(kx)sin(a@t) + sin(kx) cos(a@t) — cos(kx)sin(at)] = 2 Asin(kx) cos(@t) 

nT nt na 

k 2mlà 2° 

EVALUATE: Using y= Asin(Av + øt) instead of y = Acos(kx + æt) corresponds to a particular choice of phase 


(b) sinkx =0 for kx =nz, n=0, 1, 2,.... x= 


and corresponds to y =0at x=0, for all t. 
IDENTIFY and SET UP: Nodes occur where sinkx =0 and antinodes are where sin kx = +1. 
EXECUTE: Eq.(15.28): y =(Agy sin kx)sin æt 
(a) At a node y=0 forall t. This requires that sin kx =0 and this occurs for kx =nz, n=0, 1, 2,... 
x=na/k=——"" —__ =(133 mn, n=0, 1, 2,... 

0.7507 rad/m 
(b) At an antinode sinkx =+1 so y will have maximum amplitude. This occurs when kx = (n + +) T, 


n=0, 1,2,... 


1 
0.7507 rad/m 
EVALUATE: 4A=272/k =2.66 m. Adjacent nodes are separated by 2/2, adjacent antinodes are separated by 
A/2, and the node to antinode distance is 1/4. 


IDENTIFY: Apply Eqs.(15.28) and (15.1). At an antinode, y(t) = Aw sin æt . k and ø for the standing wave have 


x=(n t)alk=(n +) 


= (1.33 m)(n +4), n=0, 1, 2,... 


the same values as for the two traveling waves. 
SETUP: Aw =0.850 cm . The antinode to antinode distance is 2/2, so 2=30.0 cm. v= ðy/ ôt. 


EXECUTE: (a) The node to node distance is 4/2 =15.0 cm. 


(b) 2 is the same as for the standing wave, so 4 =30.0 cm. A=4A,y =0.425 cm. 
EE E ais: 
T 0.0750s 


© v, -2 = A,,@sinkxcos øt . At an antinode sinkx=1, so v, = AÁw@COosø@t . Vra = Agy@ . 


go Amd _ FET gasra 0S E S T E 
T  0.0750s 


(d) The distance from a node to an adjacent antinode is 1/4=7.50 cm. 
EVALUATE: The maximun transverse speed for a point at an antinode of the standing wave is twice the 
maximum transverse speed for each traveling wave, since Aw =2A . 


=0. 


min 


IDENTIFY: Evaluate 0° y/Ax° and 0°y/0t? and see if Eq.(15.12) is satisfied for v = ø@/k. 


SET UP: een eye Sadie = nie: Ra ene Ge he ud ov 
Ox Ox ot ôt 


2 2 
EXECUTE: (a) 2 =-k? [ Aw sin at|sin kx, = =-@ [ Aw sin at |sin kx, so for y(x,t) to be a solution of 
x t 
2 


Eq.(15.12), -k? = 22, and ver 


2 
Vv 


(b) A standing wave is built up by the superposition of traveling waves, to which the relationship v = 2/k applies. 
EVALUATE: — y(x,t) =(Agy sin kx)sin æt is a solution of the wave equation because it is a sum of solutions to the 


wave equation. 
IDENTIFY and SETUP: cos(kx + at) = cos kx cos wt F sin kxsin ot 


EXECUTE: y,+y, =A[-cos(kx + wt) + cos(kx — ot)] . 


yı + y, = Al-cos kxcos of + sin kx sin wt + cos kx cos at + sin kxsin ot] =2Asinkxsin æt . 


EVALUATE: The derivation shows that the standing wave of Eq.(15.28) results from the combination of two 
waves with the same A, k, and æ that are traveling in opposite directions. 
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15.37. IDENTIFY: Evaluate 0°y/Ax° and 0°y/0t’ and show that Eq.(15.12) is satisfied. 
Oy, WY ô oY Dr 
= H and H = H 
Be be Oe oe a 
Oy Ey Ey pg SY ON Pr 
Oe OE? OR ae a at? 
the wave equation, so 


ay ay, ay 1)\ey 1)\ey 1\ ay, Oy 1)\ey ; i 
= 2 a7 3 ae 3 aa 3 ag? or =ar and so y= y, +y, is a solution of 


ô 
SET UP: (y, +y) 
Ox 


EXECUTE: 


The functions y, and y, are given as being solutions to 


v 
Eq. (15.12). 

EVALUATE: The wave equation is a linear equation, as it is linear in the derivatives, and differentiation is a linear 
operation. 


15.38. IDENTIFY: For a string fixed at both ends, 2, = = and f, = (>) ; 
n 


SET UP: For the fundamental, n =1. For the second overtone, n =3. For the fourth harmonic, n=4. 
v _ (48.0 m/s) 
2L 2(1.50 m) 


(b) 4 =4/3=1.00m. f, =3f, =48.0 Hz. 
(© 4,=4,/4=0.75m. f, =4f, =64.0 Hz. 
EVALUATE: Asn increases, A decreases and f increases. 
15.39. IDENTIFY: Use Eq.(15.1) for v and Eq.(15.13) for the tension F. v, =ðy/ôt and a, = Ov, /ôt. 


(a) SETUP: The fundamental standing wave is sketched in Figure 15.39. 


EXECUTE: (a) 4 =2L=3.00m. f = =16.0 Hz. 


< L = 0.800 m> 


f =60.0 Hz 
From the sketch, 
A/2=L so 
A=2L =1.60m 
fundamental 
Figure 15.39 


EXECUTE: v= f4A=(60.0 Hz)(1.60 m) =96.0 m/s 
(b) The tension is related to the wave speed by Eq.(15.13): 


v=/F/u so F = uv’. 


u =m/ L = 0.0400 kg/0.800 m = 0.0500 kg/m 

F = uv? = (0.0500 kg/m)(96.0 m/s)? =461 N. 

(c) @=2rf =377 rad/s and y(x, t) = Aw sin kxsin wt 
v, = OAgy sinkxcosæt; a, =-0 A sin kxsin wt 

(Vy max = OAgw = (377 rad/s)(0.300 cm) =1.13 m/s. 

(a, )max =@ Aw = (377 rad/s)? (0.300 cm) = 426 m/s’. 


EVALUATE: The transverse velocity is different from the wave velocity. The wave velocity and tension are 
similar in magnitude to the values in the Examples in the text. Note that the transverse acceleration is quite large. 
15.40. IDENTIFY: The fundamental frequency depends on the wave speed, and that in turn depends on the tension. 


F i : : 
SETUP: v=,/— where w=m/L. f= ae . The nth harmonic has frequency f, =nf, . 
\u 


=409 Hz. 


EXECUTE: (a) v | 
m 


F - (== ROCIO AOU ara yo 327 m/s 
m/L 3.00x10° kg 2L  2(0.400 m) 


(b) n= 10000 Hz =24.4 . The 24" harmonic is the highest that could be heard. 
1 
EVALUATE: In part (b) we use the fact that a standing wave on the wire produces a sound wave in air of the same 


frequency. 
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IDENTIFY: Compare y(x, t) given in the problem to Eq.(15.28). From the frequency and wavelength for the 


third harmonic find these values for the eighth harmonic. 
(a) SETUP: The third harmonic standing wave pattern is sketched in Figure 15.41. 


Figure 15.41 


EXECUTE: (b) Eq. (15.28) gives the general equation for a standing wave on a string: 
y(x, t) = (Agy sin kx) sin at 

Aw =2A, so A= Ay, /2 = (5.60 cm)/2 = 2.80 cm 

(c) The sketch in part (a) shows that L =3(4/2). k=2a/A, A=2n/k 

Comparison of y(x, t) given in the problem to Eq. (15.28) gives k = 0.0340 rad/cm. So, 
A =277/(0.0340 rad/cm) = 184.8 cm 

L =3(4/2)=277 cm 

(d) 2=185 cm, from part (c) 

@=50.0 rad/s so f =@/2r =7.96 Hz 

period T =1/ f =0.126 s 

v= fA =1470 cm/s 

(e) v, =dy/dt = MA, sin kxcos at 

Vy, max = OAgy = (50.0 rad/s)(5.60 cm) = 280 cm/s 

(€) f,=7.96 Hz=3f,, so f, =2.65 Hz is the fundamental 

fe =8f, =21.2 Hz; @, =27f, =133 rad/s 

A=v/ f =(1470 cm/s)/(21.2 Hz) =69.3 cm and k =27//2=0.0906 rad/cm 

y(x, t) = (5.60 cm)sin([0.0906 rad/cm]x)sin([133 rad/s]t) 


EVALUATE: The wavelength and frequency of the standing wave equals the wavelength and frequency of the two 
traveling waves that combine to form the standing wave. In the 8th harmonic the frequency and wave number are 
larger than in the 3rd harmonic. 

IDENTIFY: Compare the y(x,t) specified in the problem to the general form of Eq.(15.28). 


SET Up: The comparison gives 4w =4.44 mm, k =32.5 rad/m and @=754 rad/s . 
EXECUTE: (a) A=4A,yy, =3(4.44 mm) = 2.22 mm. 


TE 2m E 
Ma k 32.5 rad/m oe 
754 rad/s 
=O), RES = 
O f=2= AE =120 Hz. 
—q@_ 754 rad/s _ 
(d v= Pa adim 23.2 m/s. 


(e) If the wave traveling in the +x direction is written as y,(x,t) = Acos(kx — œt), then the wave traveling in the 
—x-direction is y,(x,t) =—Acos(kx + wt), where A= 2.22 mm from part (a), k =32.5 rad/m and w@=754 rad/s . 
(f) The harmonic cannot be determined because the length of the string is not specified. 

EVALUATE: The two traveling waves that produce the standing wave are identical except for their direction of 
propagation. 

(a) IDENTIFY and SET UP: Use the angular frequency and wave number for the traveling waves in Eq.(15.28) for 
the standing wave. 

EXECUTE: The traveling wave is y(x, t) =(2.30 mm)cos([6.98 rad/m]x) +[742 rad/s]t) 

A=2.30mm so 4w =4.60 mm; k =6.98 rad/m and @=742 rad/s 

The general equation for a standing wave is y(x, t) = (4w sinkx)sin at, so 

y(x, t) = (4.60 mm)sin([6.98 rad/m]x)sin([742 rad/s]t) 

(b) IDENTIFY and SET Up: Compare the wavelength to the length of the rope in order to identify the harmonic. 
EXECUTE: L=1.35m (from Exercise 15.24) 

A=2n/k =0.900 m 

L=3(A/2), so this is the 3rd harmonic 
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(c) For this 3rd harmonic, f = @/272 =118 Hz 
K=3f, so fi =(118 Hz)/3 =39.3 Hz 
EVALUATE: The wavelength and frequency of the standing wave equals the wavelength and frequency of the two 


traveling waves that combine to form the standing wave. The nth harmonic has n node-to-node segments and the 
node-to-node distance is 1/2, so the relation between L and 4 for the nth harmonic is L = n(4/2). 


IDENTIFY: v=4F/u. v= fA. The standing waves have wavelengths 2, = = and frequencies f, =nf,. The 
standing wave on the string and the sound wave it produces have the same frequency. 
SET Up: For the fundamental n =1 and for the second overtone n =3. The string has 
u=m/L=(8.75x10° kg)/(0.750 m) =1.17x107 kg/m. 
EXECUTE: (a) 4=2L/3 =2(0.750 m)/3 =0.500 m. The sound wave has frequency 

v 344 m/s 
f =37335x10°m 
v= fA =(1.03x10* Hz)(0.500 m) =5.15x10° m/s . The tension in the string is 
F = uv? =(1.17x107 kg/m)(5.15x10° m/s)? =3.10x10°N. 
(b) f = f,/3 =(1.03x10* Hz)/3 =3.43x10° Hz. 


EVALUATE: The waves on the string have a much longer wavelength than the sound waves in the air because the 
speed of the waves on the string is much greater than the speed of sound in air. 
IDENTIFY and SETUP: Use the information given about the A, note to find the wave speed, that depends on the 


=1.03x10* Hz. For waves on the string, 


linear mass density of the string and the tension. The wave speed isn’t affected by the placement of the fingers on the 
bridge. Then find the wavelength for the D, note and relate this to the length of the vibrating portion of the string. 
EXECUTE: (a) f =440 Hz when a length ZL =0.600 m vibrates; use this information to calculate the speed v 
of waves on the string. For the fundamental 1/2=L so 2 =2L =2(0.600 m) =1.20 m. Then 

v= fA=(440 Hz)(1.20 m) =528 m/s. Now find the length Z =x of the string that makes f =587 Hz. 

v _ 528 m/s 
f 587Hz 
L=A/2=0.450 m, so x= 0.450 m = 45.0 cm. 

(b) No retuning means same wave speed as in part (a). Find the length of vibrating string needed to produce 
f =392 Hz. 


v _ 528 mS _ 1 35m 


= 0.900 m 


f 392 Hz 
L=A/2=0.675 m; string is shorter than this. No, not possible. 
EVALUATE: Shortening the length of this vibrating string increases the frequency of the fundamental. 
IDENTIFY: y(x,t) = (Agy Sinkx)sin ot . v, = Oy/Ot. a, = O°y/ét?. 
SETUP: v a =(Agy SiNkX)@. dy, =(Agy sinko . 


EXECUTE: (a) (i) x -4 is a node, and there is no motion. (ii) x =4 is an antinode, and vax = A(2af)=27 fA, 


Ano = (27S Ving =47 fA. Gii) cos™ = -L and this factor multiplies the results of (ii), SO Vj, = V2rfA, 


4 2 


Gmax = 220° fA. 
(b) The amplitude is 2 Asin kx, or (i) 0, (ii) 24, (iii) 24/V2. 


(c) The time between the extremes of the motion is the same for any point on the string (although the period of the 
zero motion at a node might be considered indeterminate) and is 1/2f . 


EVALUATE: Any point in a standing wave moves in SHM. All points move with the same frequency but have 
different amplitude. 

IDENTIFY: For the fundamental, f, = a . v= F/w. A standing wave on a string with frequency f produces a 
sound wave that also has frequency f. 

SETUP: f =245 Hz. L=0.635m. 

EXECUTE: (a) v=2 fL =2(245 Hz)(0.635 m) =311 m/s. 
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(b) The frequency of the fundamental mode is proportional to the speed and hence to the square root of the tension; 
(245 Hz)V1.01 =246 Hz. 

(c) The frequency will be the same, 245 Hz. The wavelength will be A, =v,;,/f = (344 m/s)/(245 Hz) =1.40 m, 
which is larger than the wavelength of standing wave on the string by a factor of the ratio of the speeds. 
EVALUATE: Increasing the tension increases the wave speed and this in turn increases the frequencies of the 
standing waves. The wavelength of each normal mode depends only on the length of the string and doesn't change 
when the tension changes. 

IDENTIFY: The ends of the stick are free, so they must be displacement antinodes. The first harmonic has one 
node, at the center of the stick, and each successive harmonic adds one node. 

SETUP: The node to node and antinode to antinode distance is 2/2. 

EXECUTE: The standing wave patterns for the first three harmonics are shown in Figure 15.48. 


1“ harmonic: L =5A > A, =2L =4.0m.2™ harmonic: L =14, > 2,=L=2.0m. 


3" harmonic: L = =A >A, = = =1.33m. 


EVALUATE: The higher the harmonic the shorter the wavelength. 


3rd harmonic 


Figure 15.48 


IDENTIFY and SET UP: Calculate v, œ, and k from Eqs.(15.1), (15.5), and (15.6). Then apply Eq.(15.7) to obtain 
y(x, t). 

A=2.50x10° m, 4=1.80 m, v=36.0 m/s 

EXECUTE: (a) v= fA so f=v/A=(36.0 m/s)/1.80 m = 20.0 Hz 

@=2nf =22(20.0 Hz) =126 rad/s 

k =2an/A =27 rad/1.80 m =3.49 rad/m 

(b) For a wave traveling to the right, y(x, t) = Acos(Ax — ot). This equation gives that the x =0 end of the string 


has maximum upward displacement at t =0. 

Put in the numbers: y(x, t) =(2.50x107 m)cos((3.49 rad/m)x — (126 rad/s)f). 

(c) The left hand end is located at x =0. Put this value into the equation of part (b): 
y(0, t) =+(2.50x10~ m)cos((126 rad/s)t). 

(d) Put x =1.35 m into the equation of part (b): 

y(1.35 m, t) = (2.50 x10” m)cos((3.49 rad/m)(1.35 m) — (126 rad/s)2). 

y(1.35 m, £) = (2.50 x10 m)cos(4.71 rad) — (126 rad/s)t 


4.71 rad =327/2 and cos(@)=cos(-8), so y(1.35 m, t) =(2.50x10° m)cos((126 rad/s) - 37/2 rad) 
(e) y = Acos(kx — œt) ((part b)) 


The transverse velocity is given by v= = =A = cos(x — ot) = +Aasin(kx — øt). 


The maximum v, is 4ø = (2.50 x10” m)(126 rad/s) = 0.315 m/s. 

(£) y(x, t) =(2.50x107 m)cos((3.49 rad/m)x — (126 rad/s)t) 

t=0.0625 s and x =1.35 m gives 

y =(2.50 x10” m)cos((3.49 rad/m)(1.35 m) — (126 rad/s)(0.0625 s)) = -2.50 x10” m. 

v, = +Aasin(kx — at) = +(0.315 m/s)sin((3.49 rad/m)x — (126 rad/s)¢) 

t=0.0625 s and x =1.35 m gives 

v, = (0.315 m/s)sin((3.49 rad/m)(1.35 m) — (126 rad/s)(0.0625 s)) =0.0 

EVALUATE: The results of part (f) illustrate that v, =0 when y=+4, as we saw from SHM in Chapter 13. 
IDENTIFY: Compare y(x,f) given in the problem to the general form given in Eq.(15.8). 

SETUP: The comparison gives A=0.750 cm, k =0.400z rad/cm and ø = 2507 rad/s . 
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=5.00 cm, f =125 Hz, T=+=0.00800 s and 


EXECUTE: (a) 4=0.750 cm, å = F 


2 
0.400 rad/cm 
v=Af =6.25 m/s. 


(b) The sketches of the shape of the rope at each time are given in Figure 15.50. 
(c) To stay with a wavefront as ¢ increases, x decreases and so the wave is moving in the —x -direction. 


(d) From Eq. (15.13), the tension is F = uv? =(0.50 kg/m) (6.25 m/s} =19.5 N. 

(©) P, =1 J uF oA =54.2 W. 

EVALUATE: The argument of the cosine is (kx + œt) for a wave traveling in the —x-direction , and that is the case 
here. 


t=0s 


y (cm) 
0.75 
0.5 


x (cm) 


t = 0.0005 s 


y (em) 


0.75 F 


0.5 


x (cm) 


t = 0.0010 s 


y (cm) 


0.75 F 


x (cm) 


=075 


Figure 15.50 


IDENTIFY: The speed in each segment is v=./F'/u. The time to travel through a segment is ¢ = L/v. 


[4 
SET Up: The travel times for each segment are t = L = t =L i and t, =L T : 


; . . . _7 |4, 4, Hy 4 
EXECUTE: Adding the travel times gives tia -j4 H arj” H uja = jë ; 


(b) No. The speed in a segment depends only on F and yw for that segment. 


EVALUATE: The wave speed is greater and its travel time smaller when the mass per unit length of the segment 
decreases. 
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IDENTIFY: Apply Èr =0 to find the tension in each wire. Use v = 4/F/u to calculate the wave speed for each 


wire and then ¢ = L/v is the time for each pulse to reach the ceiling, where L =1.25m. 


SETUP: The wires have w= ‘= 200 D 
L (9.80 m/s*)(1.25 m) 


given in Figure 15.52. Take the axis to be at the end of the beam where wire A is attached. 
EXECUTE: Èr, =0 gives TL =w(L/3)and T, =w/3=583 N. T, +T; =1750 N ,so T, =1167 N. 


N 
A E E EET A E T T 
u \ 0.204 kg/m 75.6 m/s 0.204 kg/m 


= 0.204 kg/m . The free-body diagram for the beam is 


1.25m 
B= TT = 0.0234 s. At=t, —t, =6.9 ms. 
53.5 m/s 
EVALUATE: The wave pulse travels faster in wire A, since that wire has the greater tension. 
Ta 

G Tp 

xis —> 
LB> 2L/3 > 


Figure 15.52 
IDENTIFY and SETUP: The transverse speed of a point of the rope is v, =0y/Ot where y(x, t) is given by Eq.(15.7). 
EXECUTE: (a) y(x, t) = Acos(kx — æt) 
v, = dy! dt = + Aasin(kx — ot) 
v = Ao=2nfA 


y, max 


v | F iL) [FL 
f: ady EEN so f (=) 7 


(24 FL 
Lee max a ae age 


a M 
(b) To double v, 


y, max 
EVALUATE: Increasing the tension increases the wave speed v which in turn increases the oscillation frequency. 
With the amplitude held fixed, increasing the number of oscillations per second increases the transverse velocity. 
IDENTIFY: The maximum vertical acceleration must be at least g. 


increase F by a factor of 4. 


X ray ak: 
SETUP: dax 50A 


2 
EXECUTE: =œ A and thus A,,. =g/@. Using @=2af =27rv/A and v=./F/u, this becomes A., -84H . 
& min min g 8 ú min 47°F 


EVALUATE: When the amplitude of the motion increases, the maximum acceleration of a point on the rope 
increases. 

IDENTIFY and SET Up: Use Eq.(15.1) and @=2z/f to replace v by @ in Eq.(15.13). Compare this equation to 
@=Nk'/m from Chapter 13 to deduce K’. 


EXECUTE: (a) @=27f, f =v/A, and v= [Flu These equations combine to give 

@=2nf =2n(v/A) = (27/4) Flu. 

But also w= Vk'/m. Equating these expressions for @ gives k' =m(27/A)°(F/u) 

But m= u Ax so k'=Ax(2a/A) F 

(b) EVALUATE: The “force constant” k’ is independent of the amplitude A and mass per unit length x, just as is 
the case for a simple harmonic oscillator. The force constant is proportional to the tension in the string F and 


inversely proportional to the wavelength 2. The tension supplies the restoring force and the 1/ A’ factor represents 
the dependence of the restoring force on the curvature of the string. 
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IDENTIFY: Apply Èr =0 to one post and calculate the tension in the wire. v = yF / u for waves on the wire. 
v= fA . The standing wave on the wire and the sound it produces have the same frequency. For standing waves on 


; L 
the wire, 4, = 2 
n 


SET Up: For the 7” overtone, n =8 . The wire has u=m/L =(0.732 kg)/(5.00 m) =0.146 kg/m. The free-body 


diagram for one of the posts is given in Figure 15.56. Forces at the pivot aren’t shown. We take the rotation axis to 
be at the pivot, so forces at the pivot produce no torque. 


EXECUTE: Èr, =0 gives w Z 00557. 0° |-T(Lsin57.0°)=0. is seas =76.3 N . For 
~ 2tan57.0°  2tan57.0° 


waves on the wire, v = on = 22.9 m/s . For the 7" overtone standing wave on the wire, 
0.146 kg/m 


2h = soy = 125m. f aX ae =18.3 Hz . The sound waves have frequency 18.3 Hz and 
8 8 A 125m 


344 m/s 
Z 
EVALUATE: The frequency of the sound wave is at the lower limit of audible frequencies. The wavelength of the 
standing wave on the wire is much less than the wavelength of the sound waves, because the speed of the waves on 
the wire is much less than the speed of sound in air. 


A= 


wavelength 1 = =18.8 m 


axis 


Figure 15.56 


IDENTIFY: The magnitude of the transverse velocity is related to the slope of the ¢ versus x curve. The transverse 
acceleration is related to the curvature of the graph, to the rate at which the slope is changing. 
SET Up: Ify increases as ¢ increases, v, is positive. a, has the same sign as v, if the transverse speed is 


increasing. 

Kaa (a) and (b) (1): The curve appears to be horizontal, and v, =0 . As the wave moves, the point will 
begin to move downward, and a, <0 . (2): As the wave moves in the +x-direction, the particle will move upward 
so v, >0 . The portion of the curve to the left of the point is steeper, so a, > 0. (3) The point is moving down, and 
will increase its speed as the wave moves; v,< 0, a, < 0 . (4) The curve appears to be horizontal, and v, = 0. As 
the wave moves, the point will move away from the x-axis, and a, > 0 . (5) The point is moving downward, and 
will increase its speed as the wave moves; v, <0, a,<0. (6) The particle is moving upward, but the curve that 
represents the wave appears to have no curvature, so v, >0 anda, =0. 


(c) The accelerations, which are related to the curvatures, will not change. The transverse velocities will all change 
sign. 
EVALUATE: At points 1, 3, and 5 the graph has negative curvature and a, <0 . At points 2 and 4 the graph has 


positive curvature and a, >0. 


IDENTIFY: The time it takes the wave to travel a given distance is determined by the wave speed v. A point on 
the string travels a distance 44 in time T. 
SETUP: v=f4a.T=l/f. 


; ; sick .00 
EXECUTE: (a) The wave travels a horizontal distance d in a time t = eee a =0.333 s. 
v 


Af (0.600 m)(40.0 Hz) 
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(b) A point on the string will travel a vertical distance of 44 each cycle. Although the transverse velocity v, (x,t) 
is not constant, a distance of h =8.00 m corresponds to a whole number of cycles, 
n= h/(4A) = (8.00 m)/[4(5.00 x 10° m)] = 400, so the amount of time ist = nT = n/ f =(400)/(40.0 Hz) =10.0 s. 


EVALUATE: (c) The time in part (a) is independent of amplitude but the time in part (b) depends on the amplitude 
of the wave. For (b), the time is halved if the amplitude is doubled. 


IDENTIFY: y’(x,y)+2°(x,y) =A” . The trajectory is a circle of radius A. 

SETUP: v, =0y/0t, v, =0z/0t. a, = Ov, / Ot , a, = 0v, / ôt 

EXECUTE: Att=0, y(0,0) = A, z(0,0)=0. Att=2/20, y(0,7/20)=0, z(0,7/20)=-4. 

At t=z/a, y(0,2/@) =—A, z(0,z/@)=0. At t =32/20, y(0,32/2@) =0, z(0,37/2@)= A . The trajectory and 
these points are sketched in Figure 15.59. 

(b) v, =0y/0t = +Aasin(kx — at), v, = 0z/6t = -Awcos (kx — at) . 


y= v j+ vk = Ao|sin(kx — o)j —cos(Ax — at)k| . v=, Ivy + v = Aw so the speed is constant. 


F=yj+zk . F -V= yv, +2, = A osin (kx — at)cos(kx — at) — A’@cos(kx — of) sin(kx- at) =0. 
F -V =0, so Y is tangent to the circular path. 
(©) a, = ôv, [3t = -Aw’cos(kx - at), a, =Ov,/0t = -Aw sin(kx - of) 


F -@=ya,+za,=—A’a’ [cos (kx — at) + sin’ (kx - ot)|=-A’o”. r= A, F-ä=-ra . 
F -d =ra cos ¢ so ¢=180° and @ is opposite in direction to F; a is radially inward. For these y(x, t) and z(x, t), 
y? +z° = A’, so the path is again circular, but the particle rotates in the opposite sense compared to part (a). 


EVALUATE: The wave propagates in the +x-direction. The displacement is transverse, so V and @ lie in the yz- 
plane. 


t = 37/2 


t= Tlw 


t = Tw 


Figure 15.59 


IDENTIFY: The wavelengths of the standing waves on the wire are given by 4, = 2 . When the ball is changed 
n 


the wavelength changes because the length of the wire changes; A/ = n ; 
SETUP: For the third harmonic, n =3. For copper, Y =11x10'° Pa. The wire has cross-sectional area 
A=ar =2(0.512x10° m)? =8.24x107 m? 


2(1.20 m) 
3 


EXECUTE: (a) 4, = = 0.800 m 


(b) The increase in length when the 100.0 N ball is replaced by the 500.0 N ball is given by Al = 


, where 


(AF Io 
AY 


AF = 400.0 N is the increase in the force applied to the end of the wire. 
400.0 N)(1.20 : : 
= ( oe X w =5.30x10° m . The change in wavelength is AA =2A/ =3.5 mm. 
(8.24x107 m^)(11x10" Pa) 
EVALUATE: The change in tension changes the wave speed and that in turn changes the frequency of the standing 
wave, but the problem asks only about the wavelength. 
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IDENTIFY: Follow the procedure specified in part (b). 


SET UP: If w=x-vt, then Oi and Lae 
ôt x 

EXECUTE: (a) As time goes on, someone moving with the wave would need to move in such a way that the wave 
appears to have the same shape. If this motion can be described by x = vt +b, with b a constant, then 
y(x,t) = f(b), and the waveform is the same to such an observer. 

2 2 2 2r 
È 4 = 4 f and 2 4 =v 2 Í , SO y(x,t) = f(x — vt) is a solution to the wave equation with wave speed v. 
Ox du ot du 
(©) This is of the form y(x,t) = f(u), with u = x—vt and f(u)=De® ““'*” . The result of part (b) may be used 
to determine the speed v=C/B. 


(b) 


EVALUATE: The wave in part (c) moves in the +x-direction. The speed of the wave is independent of the 
constant D. 

IDENTIFY: The phase angle determines the value of y for x =0 , t=0 but does not affect the shape of the 
y(x,t) versus x or t graph. 


Ocos(kx — at +b) _ 
ot 
EXECUTE: (a) The graphs for each ¢ are sketched in Figure 15.62. 


SET UP: 


aosin(kx — ot + @). 


(b) z = -@Asin(kx — æt + p) 


(c) No. ¢=2/4 or 6=3/4 would both give A/ V2 . If the particle is known to be moving downward, the result 
of part (b) shows that cos ¢<0, and so ¢=32/4. 
(d) To identify ø uniquely, the quadrant in which ø lies must be known. In physical terms, the signs of both the 
position and velocity, and the magnitude of either, are necessary to determine ø (within additive multiples of 27 ). 
EVALUATE: The phase ¢=0 corresponds to y=Aat x=0, ¢=0. 

š 


6=0 6=2 db T = 2 h om 


Figure 15.62 
IDENTIFY and SETUP: Use Eq.(15.13) to replace u, and then Eq.(15.6) to replace v. 
EXECUTE: (a) Eq.(15.25): P, =4JuFo° A? 
v=JF/p says (u=VF/v so P =4(VF Iv) NF oA =1F@ £ /v 


av 


o=2nf so ølv=2rf/v=2r/å=k and P, = +Fkod’, as was to be shown. 

(b) IDENTIFY: For the œ dependence, use Eq.(15.25) since it involves just @, not k: P, =+./ uF a A’. 
SETUP: P,, y, Aall constant so /Fa” is constant, and JF œ} = JF, oœ. 

EXECUTE: @, =@ (F /F,)"* =@ (F /4F)"* = 0 (4 =@,/V2 

æ must be changed by a factor of 1/ V2 (decreased) 


IDENTIFY: For the k dependence, use the equation derived in part (a), P, = 4Fk@d’. 


SETUP: If P, and A are constant then Fk@ must be constant, and Fik,a, = F,k,a,. 
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15.64. 


15.65. 


15.66. 


EXECUTE: efie E] B Ja efis 
F, Jo, 4F }\ œ IN2 4 16 


k must be changed by a factor of 1/ V8 (decreased). 

EVALUATE: Power is the transverse force times the transverse velocity. To keep P, constant the transverse 
velocity must be decreased when F is increased, and this is done by decreasing æ. 

IDENTIFY: The wave moves in the +x direction with speed v, so to obtain y(x,t) replace x with x-— vt in the 
expression for y(x,0) . 

SETUP: P(x,t) is given by Eq.(15.21). 

EXECUTE: (a) The wave pulse is sketched in Figure 15.64. 


(b) 
0 for (x—vt) <-L 
h(L+x-vt)/L for -L<(x-vt)<0 
I=, 
(L-x-+vt)/L for O<(x-vt)<L 
0 for (x—vt)>L 
(c) From Eq.(15.21): 
—F(0)(0) =0 for (x-vt)<-L 
Pi rD DD _ —F(h/L)(-hv/L)=Fv(h/Ly for -L<(x-vt)<0 
=s Ox at |-F(-A/L)(hv/L) =Fv(h/Ly for 0<(e-vt)<L 
—F(0)(0) =0 for (x-vt)>L 


Thus the instantaneous power is zero except for —L < (x —vt)< L, where it has the constant value F v(h/ LP. 
EVALUATE: For this pulse the transverse velocity v, is constant in magnitude and has opposite sign on either side 


of the peak of the pulse. 


Figure 15.64 


IDENTIFY and SET UP: The average power is given by Eq.(15.25). Rewrite this expression in terms of v and 2 
in place of F and a. 


EXECUTE: (a) P, =4/uF oa 

v=JF/u so VF =v/Ju 

@=2nf =2n(v/A) 

Using these two expressions to replace JF and @ gives P, =2umv°A7/A?; 1 =(6.00x10> kg)/(8.00 m) 


(b) EVALUATE: P, ~v? so doubling v increases P, by a factor of 8. 

P, =8(50.0 W) = 400.0 W 

IDENTIFY: Draw the graphs specified in part (a). 

SET Up: When y(x,f) is a maximum, the slope Oy/ dx is zero. The slope has maximum magnitude when 
y(x,t) =0. 

EXECUTE: (a) The graph is sketched in Figure 15.66a. 


(b) The power is a maximum where the displacement is zero, and the power is a minimum of zero when the 
magnitude of the displacement is a maximum. 
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(c) The energy flow is always in the same direction. 
(d) In this case, > = —kAsin(kx + œt) and Eq.(15.22) becomes P(x,t) = —Fk@A’sin’ (kx + ot). The power is now 
negative (energy flows in the —x-direction ), but the qualitative relations of part (b) are unchanged. The graph is 
sketched in Figure 15.66b. 
EVALUATE: cos@ and sin@are 180° out of phase, so for fixed t, maximum y corresponds to zero P and 
y =O corresponds to maximum P. 
x x 
(a) (b) 
Figure 15.66 
15.67. IDENTIFY and SETUP: v=4/F/u. The coefficient of linear expansion @ is defined by AL=L,a AT. This can 
be combined with Y = to give AF =—YaAAT for the change in tension when the temperature changes by 
0 
AT. Combine the two equations and solve for æ. 
EXECUTE: v,=/F/u, v =F/u and F = uv? 
The length and hence u stay the same but the tension decreases by AF =-Yq&4A AT. 
v, = (F +AF)/u =F -Yad AT)/p 
vi =Flu-YaA ATlu =v} ~YaA AT/u 
And u=m/L so A/u=AL/m=Vim=\/p. (A is the cross-sectional area of the wire, V is the volume of a 
2. 2 
length L.) Thus v? - v} =@(Y AT/p) and @ meee 
(Y/p) AT 
EVALUATE: When T increases the tension decreases and v decreases. 
15.68. IDENTIFY: The time between positions 1 and 5 is equal to 7/2. v= fA . The velocity of points on the string is 
given by Eq.(15.9). 
fi de doce 60 
SET Up: Four flashes occur from position 1 to position 5, so the elapsed time is q£ ) = 0.048 s . The figure 
in the problem shows that 4 = L = 0.500 m . At point P the amplitude of the standing wave is 1.5 cm. 
EXECUTE: (a) T/2=0.048 s and T =0.096 s. f =1/T =10.4 Hz. 2=0.500m. 
(b) The fundamental standing wave has nodes at each end and no nodes in between. This standing wave has one 
additional node. This is the 1“ overtone and 2™ harmonic. 
(c) v= fA =(10.4 Hz)(0.500 m) =5.20 m/s. 
(d) In position 1, point P is at its maximum displacement and its speed is zero. In position 3, point P is passing 
through its equilibrium position and its speed is Va =@A = 27 fA =27(10.4 Hz)(0.015 m) =0.980 m/s . 
F [FL FL (1.00 N)(0.500 
(e) v=,/— =,/— and m=— = WNK Sa wigs 
u m v (5.20 m/s) 
EVALUATE: The standing wave is produced by traveling waves moving in opposite directions. Each point on the 
string moves in SHM, and the amplitude of this motion varies with position along the string. 
15.69. IDENTIFY and SET UP: There is a node at the post and there must be a node at the clothespin. There could be 


additional nodes in between. The distance between adjacent nodes is 2/2, so the distance between any two nodes 
is n(A/2) for n=1, 2, 3,... This must equal 45.0 cm, since there are nodes at the post and clothespin. Use this in 
Eq.(15.1) to get an expression for the possible frequencies f. 

EXECUTE: 45.0 cm=n(/A/2), 2=v/f, so f =n[v/(90.0 cm)] = (0.800 Hz)n, n =1, 2, 3,... 

EVALUATE: Higher frequencies have smaller wavelengths, so more node-to-node segments fit between the post 
and clothespin. 
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15.71. 


15.72. 


15.73. 


IDENTIFY: The displacement of the string at any point is y(x,t) = (Aw sinkx)sin wt. For the fundamental mode 
A=2L, so at the midpoint of the string sin kx =sin(27/A)(L/2) =1, and y = 4w sin øt. The transverse velocity is 


v, = Oy/Ot and the transverse acceleration is a, = ôv, / Ot . 

SeT Up: Taking derivatives gives v, = 2- = @Ag, COS ot , with maximum value v, max =@Agy , and 
ov, 

a 

EXECUTE: @= a, max | Vy max =(8.40x10° m/s°)/(3.80 m/s) =2.21x10° rad/s , and then 

Agy =V, max /@=(3.80 m/s)/(2.21x10° rad/s) =1.72x10° m. 


(b) v=Af =(2L)(o/22) = Løæ/r = (0.386 m)(2.21x10° rad/s)/z =272 m/s. 

EVALUATE: The maximum transverse velocity and acceleration will have different (smaller) values at other 
points on the string. 

IDENTIFY: To show this relationship is valid, take the second time derivative. 


= 2 : : : = 125 
=—0 Ay, Sin œt , with maximum value a, max =@ Agy - 


ô. ð ; 
SET UP: an ot =cosat . ao ot = —øsin øt . 
t t 


ake to) ae : : ð ; 
EXECUTE: (a) ape: = —[(Agy sin kx)sin at] = ol Aw sinkx)cos at] 
t t t 
0 *y (x,t) raa : : tH) : : eee wo: «4s 
ae -0 [(Aw sin Ax)sin at] =—@ y(x,t) . This equation shows that a, =—-æ@°y . This is characteristic of 
t i 


simple harmonic motion; each particle of the string moves in simple harmonic motion. 

(b) Yes, the traveling wave is also a solution of this equation. When a string carries a traveling wave each point on 
the string moves in simple harmonic motion. 

EVALUATE: A standing wave is the superposition of two traveling waves, so it is not surprising that for both 
types of waves the particles on the string move in SHM. 

IDENTIFY and SET UP: Carry out the analysis specified in the problem. 

EXECUTE: (a) The wave moving to the left is inverted and reflected; the reflection means that the wave moving 
to the left is the same function of —x, and the inversion means that the function is — f(—x). 


(b) The wave that is the sum is f(x)-—f(—x) (an inherently odd function), and for any f, f(0)— f(—0) =0. 

(c) The wave is reflected but not inverted (see the discussion in part (a) above), so the wave moving to the left in 

Figure 15.21 in the textbook is + f(—x). 

dy d df(x) df(-x) df(x) df(-x)d(-x) df d 
iy EFO x)= o, if(—x) _ f(x), df(-x)d-x) _ Y _ df 

dx dx dx d(-x) dx dx dx 

At x=0, a terms are the same oP the derivative is zero. 

EVALUATE: Our results verify the behavior shown in Figures 15.20 and 15.21 in the textbook. 

IDENTIFY: Carry out the derivation as done in the text for Eq.(15.28). The transverse velocity is v= ðy/ðt and 


(d) 


x=-x 


the transverse acceleration is a, = ôv, / Ot. 
(a) SETUP: For reflection from a free end of a string the reflected wave is not inverted, so 
y(x, t)= y(x, t)+ y,(x, t), where 
y,(x, t) = Acos(kx + œt) (traveling to the left) 
y(x, t) = Acos(kx — at) (traveling to the right) 
Thus y(x, t) = A[cos(Ax + œt) + cos(kx — at). 
EXECUTE: Apply the trig identity cos(a +b) = cosacosb F sinasinb with a=kx and b = æt: 
cos(kx + at) = cos kxcos at — sin kxsin æt and 
cos(Ax — wt) = cos kxcos ot + sin kxsin æt. 
Then y(x, t)=(2Acoskx)cosa@t (the other two terms cancel) 
(b) For x =0, coskx=1 and y(x, t)=2Acosa@t. The amplitude of the simple harmonic motion at x =0 is 24, 
which is the maximum for this standing wave, so x =0 is an antinode. 
(c) Vmax =2A from part (b). 
oy Ocos ot _ 


v, ae = < (24 coskx)cos |= 2 Acos kx ——— a —2 Awcos kxsin æt. 
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15.75. 


15.76. 


15.77. 


At x=0, v,=-2Aasinot and (V,),,.. =24@ 


max 


8? ôv, Osin ot 
a, = Z = =-24øcoskx = —2 A% cos kx cos at 
ôt ôt 
At x=0, a,=-2A@’ cosat and (a,) mx =240. 
EVALUATE: The expressions for (v,),,,, and (a,)na are the same as at the antinodes for the standing wave of a 


string fixed at both ends. 
IDENTIFY: The standing wave is given by Eq.(15.28). 


SETUP: Atan antinode, sinky =1. V, mx =@A~ a, mx =A. 

EXECUTE: (a) 2=v/f =(192.0 m/s)/(240.0 Hz) =0.800 m, and the wave amplitude is 4w = 0.400 cm. The 
amplitude of the motion at the given points is 

(i) (0.400 cm)sin (7) = 0 (a node) (ii) (0.400 cm) sin(z/2) = 0.400 cm (an antinode) 

(iii) (0.400 cm) sin( 7/4) = 0.283 cm 

(b) The time is half of the period, or V(2f) =2.08x10°s. 

(c) In each case, the maximum velocity is the amplitude multiplied by @ = 27 f and the maximum acceleration is 
the amplitude multiplied by w* = 477”: 

(i) 0,0; (ii) 6.03 m/s, 9.10x10° m/s’; (iii) 4.27 m/s, 6.43 x10 m/s? . 

EVALUATE: The amplitude, maximum transverse velocity, and maximum transverse acceleration vary along the 


length of the string. But the period of the simple harmonic motion of particles of the string is the same at all points 
on the string. 


IDENTIFY: The standing wave frequencies are given by f, = f>) . v=4/F/ u . Use the density of steel to 


calculate x for the wire. 


SETUP: For steel, p =7.8x10° kg/m’. For the first overtone standing wave, n=2. 


EXECUTE: v= a = (0.550 m)(311 Hz) =171 m/s . The volume of the wire is V =(zr?)L. m= pV so 


= PY «ogy? =(7.8x10° kg/m°)a(0.57x10° m)? =7.96 x10" kg/m . The tension is 
EG ae g g 


F = uv’ =(7.96x10° kg/m)(171 m/s} =233 N. 
EVALUATE: The tension is not large enough to cause much change in length of the wire. 


IDENTIFY: The mass and breaking stress determine the length and radius of the string. f, = a , with v= f—. 
u 


SETUP: The tensile stress is F / zr’. 


EXECUTE: (a) The breaking stress is = ie =7.0x10° N/m? and the maximum tension is F = 900 N, so solving 
ar 


for r gives the minimum radius r = 900 N z =6.4x 10% m . The mass and density are fixed, 
z(7.0x10° N/m’) 
p= a so the minimum radius gives the maximum length 
mr 
4.0x10° k 
= me = eu 8 = = 0.40 m. 
zr’p m(6.4x10* m)?(7800 kg/m*) 


n ¢_l [F_ 1 FF _1J]E : : 
(b) The fundamental frequency is f, = ZI J HOE | MIL? | VL: Assuming the maximum length of the 


string is free to vibrate, the highest fundamental frequency occurs when F = 900 N and 
f=} 900 N =376 Hz. 

(4.0x10~ kg)(0.40 m) 
EVALUATE: Ifthe radius was any smaller the breaking stress would be exceeded. If the radius were greater, so 
the stress was less than the maximum value, then the length would be less to achieve the same total mass. 
IDENTIFY: Atanode, y(x,t)=0 for all t. y, +y, is a standing wave if the locations of the nodes don't depend on t. 


SET Up: The string is fixed at each end so for all harmonics the ends are nodes. The second harmonic is the first 
overtone and has one additional node. 
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EXECUTE: (a) The fundamental has nodes only at the ends, x =0 and x = L. 

(b) For the second harmonic, the wavelength is the length of the string, and the nodes are at 

x=0,x=L/2 andx=L. 

(c) The graphs are sketched in Figure 15.77. 

(d) The graphs in part (c) show that the locations of the nodes and antinodes between the ends vary in time. 
EVALUATE: The sum of two standing waves of different frequencies is not a standing wave. 


Figure 15.77 
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15.79. 


15.80. 


. ov f WE i 
IDENTIFY: f = Sr The buoyancy force B that the water exerts on the object reduces the tension in the wire. 


B= Pauia submerged g c 
SET Up: For aluminum, p, = 2700 kg/m’ . For water, p, =1000 kg/m’ . Since the sculpture is completely 


submerged, Voies = Vovject = V 7 
EXECUTE: Lis constant, so Ía = fu and the fundamental frequency when the sculpture is submerged is 
Vair Vw 


F F es 
f= Fa (>) , with fẹ =250.0 Hz. v= E so Y= A . When the sculpture is in air, F = w= mg = p,Vg . 
4 Vair air 


air 


When the sculpture is submerged in water, F, =w- B = (p, — p, Vg. Yw AP and 


Vair Pa 
3 
f, = (250.0 Hz) ease =198 Hz. 
2700 kg/m 


EVALUATE: We have neglected the buoyant force on the wire itself. 
IDENTIFY: Compute the wavelength from the length of the string. Use Eq.(15.1) to calculate the wave speed and 
then apply Eq.(15.13) to relate this to the tension. 


(a) SETUP: The tension F is related to the wave speed by v=./F'/w (Eq.(15.13)), so use the information given 


to calculate v. 
<_— | —> 


N A N 
EXECUTE: 4/2=L 
A =2L =2(0.600 m) =1.20 m 


fundamental 


Figure 15.79 
v= fA=(65.4 Hz)(1.20 m) = 78.5 m/s 
u=m/L=14.4x10° kg/0.600 m = 0.024 kg/m 
Then F = pv’ = (0.024 kg/m)(78.5 m/s)” = 148 N. 
(b) SETUP: F=y and v= få give F=uf?d’. 
4 is a property of the string so is constant. 
A is determined by the length of the string so stays constant. 
u, A constant implies F/ f? = uA? = constant, so F,/ f? = F,/ f? 


N2 2 
Execute: F,=F| 2] =048 n| 3482) =186N. 
Fi 65.4 Hz 
-F 


; _ 186 N -148 N 
F 148 N 
EVALUATE: The wave speed and tension we calculated are similar in magnitude to values in the Examples. Since 


=0.26 =26%. 


ee 
The percent change in F is — 


the frequency is proportional to VF , a 26% increase in tension is required to produce a 13% increase in the 


frequency. 

IDENTIFY and SET UP: Consider the derivation of the speed of a longitudinal wave in Section 15.4. 

EXECUTE: (a) The quantity of interest is the change in force per fractional length change. The force constant k’ 
is the change in force per length change, so the force change per fractional length change is k'L, the applied force 


at one end is F =(k'L)(v, / v) and the longitudinal impulse when this force is applied for a time tis k'Ltv, / v. The 
change in longitudinal momentum is ((vt)m/ L)v, and equating the expressions, canceling a factor of t and solving 
for v gives v’ =L k'/m. 

(b) v=(2.00 m),/(1.50 N/m)/(0.250 kg) =4.90 m/s 

EVALUATE: A larger k' corresponds to a stiffer spring and for a stiffer spring the wave speed is greater. 
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IDENTIFY: Carry out the analysis specified in the problem. 
SET Up: The kinetic energy of a very short segment Avis AK = $(Am)v; . v, =0y/ôt . The work done by the 


tension is F times the increase in length of the segment. Let the potential energy be zero when the segment is 
unstretched. 


AK _ (1/2)Amvy _1 (2) 


EXECUTE: (a) u, = = 
ae Ax Am/ u 2” at 


(b) z = wA sin(kx —@t) and so u, = 5H A sin’ (kx — æt). 


(c) The piece has width Ax and height a, and so the length of the piece is 


oy a\¥2 ay 21/2 ila 3 
a + (ax 2) ) = sı + (2) | z mi + {2) | , where the relation given in the hint has been used. 
x x Ix 
Ax|1+4(@y/@xy |- Ax = (2) 

Ax 2 Kory 


(e) z =—kA sin(kx - œt), and so u, = T sin’ (kx — at). 


(d) u, =F 


(£) Comparison with the result of part (c) with k? = 0” / v? =@ u/F shows that for a sinusoidal wave U, =U. 
(g) The graph is given in Figure 15.81. In this graph, u, and u, coincide, as shown in part (f). At y=0, the string 
is stretched the most, and is moving the fastest, so u,and u, are maximized. At the extremes of y, the string is 


unstretched and is not moving, so u, and u, are both at their minimum of zero. 


(h) u, +u, = Fk°A’ sin’ (kx — ot) = Fk(@/v) Asin? (kx — @t) = E 
v 


EVALUATE: The energy density travels with the wave, and the rate at which the energy is transported is the 


product of the density per unit length and the speed. 
y 


Figure 15.81 


IDENTIFY: Apply SE, =0 to segments of the cable. The forces are the weight of the diver, the weight of the 
segment of the cable, the tension in the cable and the buoyant force on the segment of the cable and on the diver. 
SETUP: The buoyant force on an object of volume V that is completely submerged in water is B = ¢,,,,..VZ - 
EXECUTE: (a) The tension is the difference between the diver’s weight and the buoyant force, 

F =(m— PynxV)g = (120 kg —(1000 kg/m’)(0.0800 m’)(9.80 m/s*)) =392 N. 

(b) The increase in tension will be the weight of the cable between the diver and the point at x, minus the buoyant 
force. This increase in tension is then 


(ux — p(Ax)) gz =(1.10 kg/m -(1000 kg/m*)z(1.00x107 m)’)(9.80 m/s*)x =(7.70 N/m)x. The tension as a 
function of x is then F(x) =(392 N)+(7.70 N/m)x. 
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(c) Denote the tension as F(x) = F, + ax, where F, =392 N and a=7.70 N/m. Then the speed of transverse 
, . d . ; 
waves as a function of x is v= : =,/(F, + ax)/4 and the time t needed for a wave to reach the surface is found 


from t=far=[— 


dx/dt -j-i cae 
Let the length of the cable be L, so t= Jul’ a =u VF ax| = LEC a tal JF). 


_ 241.10 kg/m 
~ 7.70 N/m 
EVALUATE: Ifthe weight of the cable and the buoyant force on the cable are neglected, then the tension would 


; F 2N L 
have the constant value calculated in part (a). Then v =, /— = Eas =18.9 m/s and t=—=5.92s. The 
4 1.10 kg/m v 


weight of the cable increases the tension along the cable and the time is reduced from this value. 
IDENTIFY: The tension in the rope will vary with radius r. 
SETUP: The tension at a distance r from the center must supply the force to keep the mass of the rope that is 


(J392 N + (7.70 N/m)(100 m) -4392 N) =3.98 s. 


further out than r accelerating inward. The mass of this piece in m L- F and its center of mass moves in a circle of 
OP Ltr 
radius 7 
L-r| ,[L+r] mo’, 5 ; ; í : 
EXECUTE: T(r)=|m T o 5 = Ti (L —r’). The speed of propagation as a function of distance is 


V(r) = ae = mtg) = a ae VL’ -r’, where dr 5 9 has been chosen for a wave traveling from the center to 
dt u Vm 2 dt 


the edge. Separating variables and integrating, the time ¢ is 


rja- 2j; T 


The integral may be found in a table, or in Appendix B. The ie is done Fi by letting 


r = Lsinð, dr = Lcos dé, VL’ -r° = Lcos0, so that p =0= arosin , and ES E EE 
VP a o o2 
EVALUATE: An equivalent method for obtaining T(r) is to consider the net force on a piece of the rope with 


length dr and mass dm =drm/L. The tension must vary in such a way that 
T(r)-T(r + dr) =-o’rdm, or £ = (ma? /L)rdr. This is integrated to obtained T(r) = (mo? /2L)r? +C, where 
r 


C is a constant of integration. The tension must vanish at r = L, from which C = (mœ L/ 2) and the previous result 
is obtained. 
IDENTIFY: Carry out the calculation specified in part (a). 


SET UP: 2 =kA,,, coskxsin at, z =—-A,y sinkxcos@t. sinOcos@ =+sin28 . 


EXECUTE: The instantaneous power is 
P= FA ok(sin kx cos kx)(sin øt cos ot) = oF Ay ok sin(2kx)sin(2a@t). 


(b) The average value of P is proportional to the average value of sin(2@t), and the average of the sine function is 
zero; P, =0. 

(c) The graphs are given in Figure 15.84. The waveform is the solid line, and the power is the dashed line. At time 
t=0, y=0and P =0 and the graphs coincide. 


(d) When the standing wave is at its maximum displacement at all points, all of the energy is potential, and is 
concentrated at the places where the slope is steepest (the nodes). When the standing wave has zero displacement, 
all of the energy is kinetic, concentrated where the particles are moving the fastest (the antinodes). Thus, the 
energy must be transferred from the nodes to the antinodes, and back again, twice in each cycle. Note that |P| is 


greatest midway between adjacent nodes and antinodes, and that P vanishes at the nodes and antinodes. 
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EVALUATE: There is energy flow back and forth between the nodes, but there is no net flow of energy along the 
string. 


Figure 15.84 


IDENTIFY: Fora string, f, =o fE ; 


SET Up: For the fundamental, n =1. Solving for F gives F = u4L’f? . Note that u = zr’?p , so 
= 72(0.203x10~ m)*(7800 kg/m’) =1.01x10~ kg/m. 
EXECUTE: (a) F =(1.01x107 kg/m)4(0.635 m)°(247.0 Hz)” =99.4 N 


(b) To find the fractional change in the frequency we must take the ratio of Af tof: f= ae E and 
u 


2L 
1 IF 1 1 1 1 1 1 AF 
wnat E oe ack ra Gl ara Ta 2dF 


Now divide both sides by the original equation for f and cancel terms: 


1 
Af _2LJu 2NF _ 1AF 
F = : 


(c) The coefficient of thermal expansion æ is defined by A/ =/,@AT . Combining this with Y = Hd 
0 


AF = -Y&AAT . AF =-(2.00x10" Pa)(1.20x10°/C*) (0.203 x10 m)°(11°C) =3.4 N . Then AF/F -0.034 , 


Af/f =—-0.017 and Af = —4.2 Hz. The pitch falls. This also explains the constant tuning in the string sections of 


symphonic orchestras. 
EVALUATE: An increase in temperature causes a decrease in tension of the string, and this lowers the frequency 
of each standing wave. 


gives 
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IDENTIFY and SETUP: Eq.(15.1) gives the wavelength in terms of the frequency. Use Eq.(16.5) to relate the 
pressure and displacement amplitudes. 
EXECUTE: (a) A =v/ f =(344 m/s)/1000 Hz = 0.344 m 


(b) Pix = BkA and Bk is constant gives P paxı/ A, = Pma / A> 


30 P 
A, = A,| 2 |=1.2x10° m aoa pe jah ato m 
Prax! 3.0x10 Pa 


(c) Prax = BkA = 20BA/ A 


=) 
Py =20BA = constant $0 Ppa Ay = Panoh and A, = A| Zee |= (0,344 m) 2210 FA) _ 6.9m 
Prax? 1.5x10° Pa 


f =v/A = (344 m/s)/6.9 m = 50 Hz 

EVALUATE: The pressure amplitude and displacement amplitude are directly proportional. For the same 
displacement amplitude, the pressure amplitude decreases when the frequency decreases and the wavelength 
increases. 

IDENTIFY: Apply Pax = BkA and solve for A. 


20 


SETUP: k= and v= fA, so padl shy OI 
Vv 


vV 
-2 

Execute: 4= Pet (3.0x10 Pa) (1480 m/s) 

2aBf 2r(2.2x10° Pa) (1000 Hz) 


EVALUATE: Both vand B are larger, but B is larger by a much greater factor, so v/B is a lot smaller and 
therefore A is a lot smaller. 
IDENTIFY: Use Eq.(16.5) to relate the pressure and displacement amplitudes. 


SETUP: As stated in Example 16.1 the adiabatic bulk modulus for air is B =1.42x10° Pa. Use Eq.(15.1) to 
calculate 2 from f, and then k =27/A. 
EXECUTE: (a) f =150 Hz 


Need to calculate k: A=v/f and k=2z7// so k=2af/v=(2z rad)(150 Hz)/344 m/s = 2.74 rad/m. Then 
Powe = BkA = (1.42 x10% Pa)(2.74 rad/m)(0.0200 x10° m) =7.78 Pa. This is below the pain threshold of 30 Pa. 
(b) fis larger by a factor of 10 so k =2zf /v is larger by a factor of 10, and Paa = BkA is larger by a factor of 
10. Prax = 77.8 Pa, above the pain threshold. 


=3.21x10°” m. 


(c) There is again an increase inf, k, and Paay ofa factor of 10, so p,,,, =778 Pa, far above the pain threshold. 


EVALUATE: When /fincreases, 2 decreases so k increases and the pressure amplitude increases. 


IDENTIFY: Apply p,,,, =BkA. k= = _2af Ra _ 22 fBA 
v 


max 


v 

SETUP: v=344 m/s 

f — VPmax _ (344 m/s)(10.0 Pa) 
2nBA  2n(1.42x10° Pa)(1.00x10° m) 


EVALUATE: Audible frequencies range from about 20 Hz to about 20,000 Hz, so this frequency is audible. 
IDENTIFY: v= fA. Apply Eq.(16.7) for the waves in the liquid and Eq.(16.8) for the waves in the metal bar. 


f d 1.50 
SETUP: In part (b) the wave speed is v =— = ee 
t 3.90x10~ s 


EXECUTE: =3.86x10° Hz 


16-1 


16-2 
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16.8. 


16.9. 


EXECUTE: (a) Using Eq.(16.7), B=v’p = (Af)? p, so B=[(8 m)(400 Hz)} (1300 kg/m*) =1.33x10" Pa. 
g Eq p P 


(b) Using Eq.(16.8), Y =v°p =(L/t)’ p = [a.50 m)/(3.90x10~ s) |’ (6400 kg/m’) =9.47x10"° Pa. 


EVALUATE: Inthe liquid, v =3200 m/s and in the metal, v = 3850 m/s. Both these speeds are much greater than 
the speed of sound in air. 
IDENTIFY: v=d/t. Apply Eq.(16.7) to calculate B. 


SETUP: 9 =3.3x10° kg/m? 

EXECUTE: (a) The time for the wave to travel to Caracas was 9 min 39 s = 579 s and the speed was 

1.08x10* m/s. Similarly, the time for the wave to travel to Kevo was 680 s for a speed of 1.28x10* m/s, and the 
time to travel to Vienna was 767 s for a speed of 1.26x10* m/s. The average for these three measurements is 
1.21x10* m/s. Due to variations in density, or reflections (a subject addressed in later chapters), not all waves 
travel in straight lines with constant speeds. 

(b) From Eq.(16.7), B =v°p, and using the given value of p =3.3x10° kg/m’ and the speeds found in part (a), 
the values for the bulk modulus are, respectively, 3.9x10'' Pa, 5.4x10'' Pa and 5.2x10"' Pa. 


EVALUATE: These are larger, by a factor of 2 or 3, than the largest values in Table 11.1. 
IDENTIFY: d = vt for the sound waves in air an in water. 


SETUP: Use v,,,,, =1482 m/s at 20°C, as given in Table 16.1. In air, v =344 m/s. 


EXECUTE: Since along the path to the diver the sound travels 1.2 m in air, the sound wave travels in water for the 
same time as the wave travels a distance 22.0 m—1.20 m= 20.8 m in air. The depth of the diver is 


1482 m/s 
344 m/s 


water 


(20.8 m) È = (20.8 m) 
Vv. 


air 


=89.6 m. This is the depth of the diver; the distance from the horn is 90.8 m. 


22.0 m 


EVALUATE: The time it takes the sound to travel from the horn to the person on shore is ¢, = 344 mi = 0.0640 s. 
s 


The time it takes the sound to travel from the horn to the diver is 

L= ea az 0.0035 s + 0.0605 s = 0.0640 s. These times are indeed the same. For three figure 
344 m/s 1482 m/s 

accuracy the distance of the horn above the water can’t be neglected. 

IDENTIFY: Apply Eq.(16.10) to each gas. 


SETUP: In each case, express M in units of kg/mol. For H,, y =1.41. For He and Ar, y =1.67. 


(1.41)(8.3145 J/mol -K )(300.15 K) 
(2.02x10° kg/mol) 


EXECUTE: (a) vp -| =1.32x10° m/s 


on EIST a 
f g/mol) 
P (1.67)(8.3145 J/mol: K)(300.15K) L33 ajg 
5 2 = é 
a (39.9x10° kg/mol) 


(d) Repeating the calculation of Example 16.5 at T =300.15 K gives v,, =348m/s, and so 
Vy, =3.800,,5 Vue = 294v and va = 0.928y,,,. 
EVALUATE: vis larger for gases with smaller M. 


be at [yRT 
IDENTIFY: v= fA. The relation of v to gas temperature is given by v = ae 


SET Up: Let T =22.0°C =295.15 K. 


Execute: At 220°C, 2=/.=225™8 _ 9.260 m=2600m, 4-2-1 JRE, A_1 pe. which is 
f 1250 Hz f SNM Vr f\M 


2 2 
A__ te p =p | (295.15 ož =) =354.6 K =81.4°C. 
J JL A, 26.0 cm 

EVALUATE: When T increases v increases and for fixed f, A increases. Note that we did not need to know either 
y or M for the gas. 


constant, so 
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16.11. 


16.12. 


16.13. 


16.14. 


[yRT ; ; ; 
IDENTIFY: v= a Take the derivative of v with respect to T. In part (b) replace dv by Av and dT by AT in 


the expression derived in part (a). 


1/2 
SET UP: w ) 


1/2 : ; 1 dT 
EXECUTE: (a) - ae So 1p"? = l [ZRT z4 Rearranging gives AA the desired 
dT M 2T\ M 2T v 2T 


result. 
b) Av_ 1AT Ayal Al 344 m/s IK 
v 2T 2 T 2 293 K 


=14x"?, In Eq.(16.10), T must be in kelvins. 20°C = 293 K. AT =1 C° =1 K. 


) =0.59 m/s. 


EVALUATE: Since A =3.4x10”° and A is one-half this, replacing dT by AT and dv by Av is accurate. Using 
v 


the result from part (a) is much simpler than calculating v for 20°C and for 21°C and subtracting, and is not 
subject to round-off errors. 

IDENTIFY and SETUP: Use ¢ =distance/speed. Calculate the time it takes each sound wave to travel the 

L =80.0 m length of the pipe. Use Eq.(16.8) to calculate the speed of sound in the brass rod. 

EXECUTE: wave in air: t =80.0 m/(344 m/s) = 0.2326 s 


10 
wave in the metal: v = y = 20X10 E =3235 m/s 
8600 kg/m 


_ 80.0 m 
~ 3235 m/s 
The time interval between the two sounds is At = 0.2326 s—0.0247 s =0.208 s 
EVALUATE: The restoring forces that propagate the sound waves are much greater in solid brass than in air, so v 
is much larger in brass. 
IDENTIFY: Repeat the calculation of Example 16.5 at each temperature. 
SETUP: 27.0°C =300.15 K and -13.0°C = 260.15 K 
(1.40)(8.3145 J/mol - K)(300.15 K) (1.40)(8.3145 J/mol- K)(260.15 K) 
(28.8x10° kg/mol) | (28.8x10° kg/mol) 


EVALUATE: The speed is greater at the higher temperature. The difference in speeds corresponds to a 7% increase. 


= 0.0247 s 


= 24 m/s 


EXECUTE: | 


F S Y 
IDENTIFY: For transverse waves, Vas =,|—. For longitudinal waves, Vong =,|—- 
H P 


SETUP: The mass per unit length xis related to the density (assumed uniform) and the cross-section area A by 
u= Ap. 

Y 
EXECUTE: Ving = 30 Vans Zives =30 = -900 . Therefore, F/A =—. 
Ap 900 


EVALUATE: Typical values of Y are on the order of a6 Pa, so the stress must be about 10° Pa. If A is on the 


order of 1 mm? =10° m?, this requires a force of about 100 N. 
IDENTIFY: The intensity / is given in terms of the displacement amplitude by Eq.(16.12) and in terms of the 
pressure amplitude by Eq.(16.14). o@=2z/f. Intensity is energy per second per unit area. 


SET Up: For part oe I=10°" W/m’. For part (b), I =3.2x10° W/m’. 
EXECUTE: (a) I =4./pBo°A’. 


-12 2 2 
pe eee AVES NO es 24 aig a he ae 
o\JpB  27(1000 Hz) \ /(1.20 kg/m?)(1.42 x10° Pa) 2./pB 


x 721 PB =4/2(1x10 Wim’),/(1.20 kg/m’*)(1.42 x 10° Pa) =2.9x10° Pa =2.8x10™ atm 
Pmax P. g 


-3 2 
(b) A is proportional to VI, so A=(1.1x10"! m), Pe =6.2x107 m. P,a is also proportional to 
x m 
k 3.2x10° W/m? k 
VI, so Pax =(2.9x10% Pa) a =1.6 Pa =1.6x10° 
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16.15. 


16.16. 


16.17. 


16.18. 


16.19. 


(c) area = (5.00 mm)? =2.5x107 m’. Part (a): (1x10 W/m’)(2.5x10° m?) =2.5x10""” J/s. 
Part (b): (3.2107 W/m’)(2.5x10° m°) =8.0x10% J/s. 


EVALUATE: For faint sounds the displacement and pressure variation amplitudes are very small. Intensities for 
audible sounds vary over a very wide range. 


IDENTIFY: Apply Eq.(16.12) and solve for A. A=v/f, with v=/B/p. 
SETUP: @=2zf. For air, B=1.42x10° Pa. 
EXECUTE: (a) The amplitude is 


-6 2 
pe oe p 2(3.00x10® W/m’) oaasi i 
pBo Jaooo kg/m°)(2.18 x10” Pa) (2z(3400 Hz))}° 


v Bip _ J(2.18x10° Pa)/(1000 kg/m°) 
ea 3400 Hz 
(b) Repeating the above with B =1.42x10°Pa and the density of air gives A =5.66x10° m and 4 =0.100 m. 


EVALUATE: (c) The amplitude is larger in air, by a factor of about 60. For a given frequency, the much less dense 
air molecules must have a larger amplitude to transfer the same amount of energy. 


VPs 
2B ` 
EXECUTE: From Eq. (19.21), v? = B/p. Using Eq.(16.7) to eliminate v,/ = (BIP) Pix /2B = Peay [2 /pB. 


Using Eq. (16.7) to eliminate B, J = vp? /2(p) = p? /2pY. 

EVALUATE: The equation in this form shows the dependence of / on the density of the material in which the 
wave propagates. 

IDENTIFY and SET Up: Apply Eqs.(16.5), (16.11) and (16.15). 

EXECUTE: (a) @=27f =(2z rad)(150 Hz) =942.5 rad/s 


2m 2af æ _ 942.5 rad/s 
A v v 344 m/s 

B=1.42x10° Pa (Example 16.1) 

Then p a = BkA = (1.42 x10° Pa)(2.74 rad/m)(5.00 x10% m) =1.95 Pa. 

(b) Eq.(16.11): Z =+@BkA* 

I =4(942.5 rad/s)(1.42 x10° Pa)(27.4 rad/m)(5.00 x10% m)? = 4.58 x10 W/m’. 

(c) Eq.(16.15): 8 =(10 dB)log(Z/I,), with 7, =1x10 W/m’. 

B= (10 dB)log((4.58x10° Wim’) /(1x10-” W/m’)) = 96.6 dB. 


EVALUATE: Even though the displacement amplitude is very small, this is a very intense sound. Compare the 
sound intensity level to the values in Table 16.2. 

IDENTIFY: Apply 2 =(10 dB)log(//J,). In part (b), use Eq.(16.14) to calculate / from the information that is 
given. 

SETUP: J, =10-'* W/m’. From Table 16.1 the speed of sound in air at 20.0°C is 344 m/s. The density of air at 


The wavelength is 2 = = 0.434 m. 


IDENTIFY and SET Up: Use Eq.(16.7) to eliminate either v or B in J = 


k 


= 2.74 rad/m 


that temperature is 1.20kg/m’. 


0.500 W/m? 
10° W/m? 

b) [= Pian (0.150 N/m’) 

2pv 2(1.20 kg/m*)(344 m/s) 
2.73x10° W/m? 

10°? W/m? 

EVALUATE: As expected, the sound intensity is larger for the jack hammer. 
IDENTIFY: Use Eq.(16.13) to relate Zand Paa- 2=(10 dB)log(///,). Eq.(16.4) says the pressure amplitude and 


displacement amplitude are related by Pax = BkA = B (£) A. 
v 


EXECUTE: (a) p =(10 dB) oe Jes dB. 


=2.73x10° W/m’. Using this in Equation (16.15), 


=74.4 dB. 


£ =(10 dB) log 


SET Up: At 20°C the bulk modulus for air is 1.42x10° Pa and v=344 m/s. J, =1x107 W/m’. 
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16.21. 


16.22. 


16.23. 


16.24. 


16.25. 


(344 m/s)(6.0x10~ Pa)? 


2 
EXECUTE: (a) [=-2™™ = =4.4x10 W/m? 


2B 2(1.42x10° Pa) 
4.4x10 W/m? 
b) 8 = (10 dB)lo =6.4 dB 
(b) 2 =( ) e| 1x10 W/m? 


We, _ (344 m/s)(6.0x10° Pa) 
22 fB 27(400 Hz)(1.42 10° Pa) 


EVALUATE: This is a very faint sound and the displacement and pressure amplitudes are very small. Note that the 
displacement amplitude depends on the frequency but the pressure amplitude does not. 
IDENTIFY and SETUP: Apply the relation £, — 6, =(10 dB)log(/,/J/,) that is derived in Example 16.10. 


=5.8x107"' m 


(c) A 


EXECUTE: (a) AB =(10 dB)log( 44) =6.0 dB 
(b) The total number of crying babies must be multiplied by four, for an increase of 12 kids. 
EVALUATE: For /,=qa/,, where a is some factor, the increase in sound intensity level is AZ = (10 dB)loga. 
For a=4, A£ =6.0 dB. 
IDENTIFY and SET UP: Let 1 refer to the mother and 2 to the father. Use the result derived in Example 16.11 for 
the difference in sound intensity level for the two sounds. Relate intensity to distance from the source using 
Eq.(15.26). 
EXECUTE: From Example 16.11, 2,- 2, = (10 dB)log(/,/J,) 
Eq.(15.26): L/L =r; Ir or L/L =r? Ir} 
AB = B, - 8, = (10 dB) log(/, /1,) = (10 dB)log(r /r,)}? = (20 dB)log(r /r,) 
AB =(20 dB)log(1.50 m/0.30 m) =14.0 dB. 
EVALUATE: The father is 5 times closer so the intensity at his location is 25 times greater. 
I I I 
IDENTIFY: /=(10 dB)log—-. £, - 8, =(10 dB)log—. Solve for +. 


0 1 1 


SETUP: If logy=x then y=10*. Let 2, =70 dB and £, =95 dB. 


EXECUTE: 70.0 dB -95.0 dB = -25.0 dB = (10 dB) log. log =-2.5 and 2 =107* =3.2 x10”. 


1 1 1 
EVALUATE: J, <J, when Ø, <£. 


(a) IDENTIFY and SET Up: From Example 16.11 Af = (10 dB)log(/,/J,) 
Set Af =13.0 dB and solve for Z, /1. 
EXECUTE: 13.0 dB=10 dBlog(/,//,) so 1.3=log(/,/J,) and I,/I, =20.0. 


(b) EVALUATE: According to the equation in part (a) the difference in two sound intensity levels is determined 
by the ratio of the sound intensities. So you don’t need to know /,, just the ratio /,/J,. 


IDENTIFY: For an open pipe, f, = oe For a stopped pipe, f = a v=fa. 


SETUP: v=344 m/s. Fora pipe, there must be a displacement node at a closed end and an antinode at the 
open end. 

ov 34ms _ 
2f A594 Hz) ` 
(b) There is a node at one end, an antinode at the other end and no other nodes or antinodes in between, so 


EXECUTE: (a) L 90 m. 


Aan A, =4L =4(0.290 m) =1.16 m. 
4 


v lf v 1 
' =— =_| — |=+(594 Hz) = 297 Hz. 
Of AL Ls) 7! a í 


‘ ; 344 À ; 
EVALUATE: We could also calculate f for the stopped pipe as f, = 7 = i ims = 297 Hz, which agrees with 
.16 m 


our result in part (a). 

IDENTIFY and SET UP: An open end is a displacement antinode and a closed end is a displacement node. Sketch 
the standing wave pattern and use the sketch to relate the node-to-antinode distance to the length of the pipe. A 
displacement node is a pressure antinode and a displacement antinode is a pressure node. 
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EXECUTE: (a) The placement of the displacement nodes and antinodes along the pipe is as sketched in 
Figure 16.25a. The open ends are displacement antinodes. 


fundamental Ist overtone 2nd overtone 
A N A A N A N A ANA NANA 
< > < > < > ——> <> <> <_< >< ><> 
0.60 m 0.60 m 0.3 03 03 0.3 0.2 04 04 0.2 
m m m m m m m m 


Figure 16.25a 


Location of the displacement nodes (N) measured from the left end: 
fundamental 0.60 m 

lst overtone 0.30 m, 0.90 m 

2nd overtone 0.20 m, 0.60 m, 1.00 m 


Location of the pressure nodes (displacement antinodes (A)) measured from the left end: 

fundamental 0, 1.20 m 

Ist overtone 0, 0.60 m, 1.20 m 

2nd overtone 0, 0.40 m, 0.80 m, 1.20 m 

(b) The open end is a displacement antinode and the closed end is a displacement node. The placement of the 
displacement nodes and antinodes along the pipe is sketched in Figure 16.25b. 


fundamental Ist overtone 2nd overtone 
Ee... Kx, LX 
N A N A N A N AN ANA 
—_—— 1.20m— se it a 
040m 040m 040m 0.24 0.24 0.24 0.24 0.24 


m m m m m 


Figure 16.25b 


Location of the displacement nodes (N) measured from the closed end: 
fundamental 0 

lst overtone 0, 0.80 m 

2nd overtone 0, 0.48 m, 0.96 m 


Location of the pressure nodes (displacement antinodes (A)) measured from the closed end: 

fundamental 1.20 m 

Ist overtone 0.40 m, 1.20 m 

2nd overtone 0.24 m, 0.72 m, 1.20 m 

EVALUATE: The node-to-node or antinode-to-antinode distance is 2/2. For the higher overtones the frequency 
is higher and the wavelength is smaller. 

IDENTIFY: A pipe closed at one end is a stopped pipe. Apply Eqs.(16.18) and (16.22) to find the frequencies and 
Eqs.(16.19) and (16.23) to find the highest audible harmonic in each case. 

SET Up: For the open pipe n=1, 2, and 3 for the first three harmonics and for the stopped pipe n =1, 3, and 5. 


EXECUTE: (a) f, =, and f, =nf,. 


344 m/s : ‘ 
=———— =382 Hz. f,=764Hz, f,=1146 Hz, f, =1528 Hz 
A 2(0.450 m) f f Ía 
v 
(b) f ae and f, =nf,, n=l, 3,5,.... 
344 m/s ; 
=——— =191 Hz. f,=573 Hz, f,=955 Hz, f,=1337 Hz 
A 4(0.450 m) f fs f 
(c) open pipe: n = L = ZOE = 52. closed pipe: T = BOON HE =104. But only odd n are present, so 
fi 382 Hz fi 191 Hz 
n=103. 


EVALUATE: For an open pipe all harmonics are present. For a stopped pipe only odd harmonics are present. For 
pipes of a given length, f, for a stopped pipe is half what it is for an open pipe. 
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16.29. 


16.30. 


16.31. 


IDENTIFY: For a stopped pipe, the standing wave frequencies are given by Eq.(16.22). 
SET Up: The first three standing wave frequencies correspond to n =1, 3 and 5. 
~ p_ B44 m/s) _ een ENES 
EXECUTE: f, = 400.17 m) =506 Hz, f} =3f, =1517 Hz, f; =5 f, = 2529 Hz. 
EVALUATE: All three of these frequencies are in the audible range, which is about 20 Hz to 20,000 Hz. 


IDENTIFY: Model the auditory canal as a stopped pipe of length L = 2.40 cm. Fora stopped pipe, 4, = 4L, 
v ; : 
f rae and f, =nf,, n=1, 3,5,.... 


SETUP: Take the highest audible frequency to be 20,000 Hz. v=344 m/s. 
v 344 m/s 


EXECUTE: (a) fi=77= 4(0.0240 m) 


=3.58x10° Hz. 4 =4L =4(0.0240 m) =0.0960 m. This frequency is 


audible. 

(b) For f =20,000 Hz, J= 20:000. Hz =5.6; the highest harmonic which is audible is for n=5 (fifth harmonic). 
f, 3580 Hz 

f; =5f, =1.79«10* Hz. 

EVALUATE: For a stopped pipe there are no even harmonics. 

IDENTIFY: For either type of pipe, stopped or open, the fundamental frequency is proportional to the wave speed 

v. The wave speed is given in turn by Eq.(16.10). 

SETUP: For He, y=5/3 and for air, y =7/5. 


EXECUTE: (a) The fundamental frequency is proportional to the square root of the ratio ve so 


Fra = Sing |e Mat = (262 Hy, |G). 28-8 769 we, 
Vair M ie (7/5) 4.00 


(b) No. In either case the frequency is proportional to the speed of sound in the gas. 

EVALUATE: The frequency is much higher for helium, since the rms speed is greater for helium. 

IDENTIFY: There must be a node at each end of the pipe. For the fundamental there are no additional nodes and 
each successive overtone has one additional node. v= fA. 

SETUP: v=344 m/s. The node to node distance is 4/2. 


A 
2 


EXECUTE: (a) —=L so 4, =2L. Each successive overtone adds an additional 1/2 along the pipe, so 


n As =L and 4, ieee where n=1, 2,3,.... f, Ss ot BES 
2 n A, 2L 
(b) f = ee =68.8 Hz. f,=2f,=138 Hz. f,=3f, =206 Hz. All three of these frequencies are 
2L = 2(2.50 m) 


audible. 

EVALUATE: A pipe of length L closed at both ends has the same standing wave wavelengths, frequencies and 
nodal patterns as for a string of length L that is fixed at both ends. 

IDENTIFY and SETUP: Use the standing wave pattern to relate the wavelength of the standing wave to the length 
of the air column and then use Eq.(15.1) to calculate f. There is a displacement antinode at the top (open) end of 
the air column and a node at the bottom (closed) end, as shown in Figure 16.31 


EXECUTE: (a) 
A | 
| Al4=L 


A=4L =4(0.140 m) =0.560 m 


A 

4 

| ea 
N 


Figure 16.31 


(b) Now the length L of the air column becomes (0.140 m) =0.070 m and 2=4Z =0.280 m. 
f v _ 344 m/s 


~ A 0.280 m 
EVALUATE: Smaller L means smaller 2 which in turn corresponds to larger f. 


=1230 Hz 
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16.34. 


16.35. 


IDENTIFY: The wire will vibrate in its second overtone with frequency f} when f" = fP", For a stopped 


ipe, fi = —" . The first overtone standing wave frequency for a wire fixed at both ends is f7" =3) 21 |, 
pip 1 8 q y: 3 IL 


pipe wire 


Vwire 7 JF! u. 
3 
SET Up: The wire has = m _ 725x10” kg 


Loa 0.850m 


EXECUTE: v = ION = 694 ms. f = fp gives 320 =” 
8.53x10° kg/m Loire AL pipe 


— 2D yireY _ 2(0.850 m)(344 m/s) 
Pe 12y 12(694 m/s) 
EVALUATE: The fundamental for the pipe has the same frequency as the third harmonic of the wire. But the wave 
speeds for the two objects are different and the two standing waves have different wavelengths. 


=8.53x10” kg/m. The speed of sound in air is v = 344 m/s. 


‘wire 


= 0.0702 m = 7.02 cm. 


wire 


A B Q 
d 2.00 m >< >e 


1.00 m 
Figure 16.33 


(a) IDENTIFY and SET UP: Path difference from points A and B to point Q is 3.00 m -1.00 m = 2.00 m, as 
shown in Figure 16.33. Constructive interference implies path difference =n/, n=1, 2,3,... 

EXECUTE: 2.00m=nd so A=2.00 m/n 

(a Soe ee, 

“A 200m 2.00 m 

The lowest frequency for which constructive interference occurs is 172 Hz. 

(b) IDENTIFY and SET Up: Destructive interference implies path difference =(n/2)A, n=1, 3,5, ... 


EXECUTE: 2.00 m=(n/2)/ so 1=4.00 m/n 


Gs v onm _ —n(344 m/s) © 
A 400m (4.00 m) 

The lowest frequency for which destructive interference occurs is 86 Hz. 

EVALUATE: As the frequency is slowly increased, the intensity at Q will fluctuate, as the interference changes 

between destructive and constructive. 

IDENTIFY: Constructive interference occurs when the difference of the distances of each source from point P is 

an integer number of wavelengths. The interference is destructive when this difference of path lengths is a half 

integer number of wavelengths. 

SET Up: The wavelength is 4=v/f =(344 m/s)/(206 Hz) =1.67 m. Since P is between the speakers, x must be 


in the range 0 to L, where L = 2.00 m is the distance between the speakers. 
EXECUTE: The difference in path length is AJ =(L—x)-—x=L-—2x, or x= (L - Al)/2. For destructive 


n(86 Hz), n=1, 3,5,.... 


interference, AJ =(n+(1/2))A, and for constructive interference, Al =n. 


(a) Destructive interference: n=0 gives Al =0.835m and x=0.58 m. n=1 gives AJ =—0.835 m and x =1.42 m. 
No other values of place P between the speakers. 

(b) Constructive interference: n=0 gives Al =0and x=1.00 m. n=1 gives A/=1.67 m and x=0.17 m. n=-1 
gives Al =—1.67 m and x =1.83 m. No other values of n place P between the speakers. 

(c) Treating the speakers as point sources is a poor approximation for these dimensions, and sound reaches these 
points after reflecting from the walls, ceiling, and floor. 

EVALUATE: Points of constructive interference are a distance 2/2 apart, and the same is true for the points of 
destructive interference. 

IDENTIFY: For constructive interference the path difference is an integer number of wavelengths and for 
destructive interference the path difference is a half-integer number of wavelengths. 

SETUP: 2=v/f = (344 m/s)/(688 Hz) =0.500 m 

EXECUTE: To move from constructive interference to destructive interference, the path difference must change 
by 2/2. If you move a distance x toward speaker B, the distance to B gets shorter by x and the distance to A gets 
longer by x so the path difference changes by 2x. 2x =4/2 and x =h/4=0.125 m. 

EVALUATE: Ifyou walk an additional distance of 0.125 m farther, the interference again becomes constructive. 
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16.36. 


16.37. 


16.38. 


16.39. 


16.40. 


16.41. 


IDENTIFY: Destructive interference occurs when the path difference is a half integer number of wavelengths. 
SETUP: v=344 m/s, so à =v/f =(344 m/s)/(172 Hz) =2.00 m. If r, =8.00 m and r, are the distances of the 


person from each speaker, the condition for destructive interference is r, — r} = (n +4), where n is any integer. 
EXECUTE: Requiring 7, =r,+(n+4)4>0 gives n++>-r,/4=-(8.00 m)/(2.00 m)=—4, so the smallest 
value of r, occurs when n =—4, and the closest distance to B is r, =8.00 m+ (-4 + $)(2.00 m)=1.00 m. 
EVALUATE: For r, =1.00 m, the path difference is r, -r =7.00 m. This is 3.5/. 


IDENTIFY: Compare the path difference to the wavelength. 
SETUP: 2=v/f =(344 m/s)/(860 Hz) =0.400 m 


path difference 


EXECUTE: The path difference is 13.4m—12.0 m=1.4 m. =3.5. The path difference is a half- 


integer number of wavelengths, so the interference is destructive. 

EVALUATE: The interference is destructive at any point where the path difference is a half-integer number of 
wavelengths. 

IDENTIFY: fica =|, - |. v= fA. 


SETUP: v=344 m/s, Let 4 =6.50 cm and 4, =6.52 cm. 4,>4, so fi> fs. 


1 1) WA-A)_ (44 m/s)(0.02x107 m) 
A 4 AA,  (6.50x10° m)(6.52x107 m) 


EXECUTE: f-f,= | =16 Hz. There are 16 beats per 


second. 
EVALUATE: We could have calculated f, and f, and subtracted, but doing it this way we would have to be 
careful to retain enough figures in intermediate calculations to avoid round-off errors. 
v 
IT 
SETUP: v=344 m/s. Let L, =1.14 mand L, =1.16 m. L, >L, so fia > fi 


1 1l ]- v(L, - L,) _ (844 m/s)(2.00x10° m) 


IDENTIFY: fea = 


f, — f,|. For a stopped pipe, f, = 


=1.3 Hz. There are 1.3 beats per 
L L, 4L_L, 4(1.14 m)(1.16 m) 


‘a 


EXECUTE: f, = 


second. 
EVALUATE: Increasing the length of the pipe increases the wavelength of the fundamental and decreases the 
frequency. 


IDENTIFY: fyen = | f= fol- f= n Changing the tension changes the wave speed and this alters the frequency. 


[FL T of a ee an . 
SETUP: v= so f= , where F =F, +AF. Let f, =—,/—*. We can assume that AF /F, is very 
m 2 \mL 2 \mL 


small. Increasing the tension increases the frequency, so fye = f — fo- 


1/2 1/2 
1 1 /F AF AF AF 
EXECUTE: (a = = JF, +AF —./F)= oy} 14 1}. | 14 = 1+— when 
lee Pp a ° ) El = j =] 2F, 


0 


AF / F, is small. This gives that fi. = fo = 


(b) AF = Zen _ 20.5 HZ) _ 0,68%, 
Ff, 440 Hz 


EVALUATE: The fractional change in frequency is one-half the fractional change in tension. 


IDENTIFY: Apply the Doppler shift equation f, = $ tv Jf 
vty, 


SETUP: The positive direction is from listener to source. fg =1200 Hz. f, =1240 Hz. 


vf, _ (-25 m/s)(1240 Hz) 
fe-f, 1200 Hz-1240 Hz 


EVALUATE: f, > f; since the source is approaching the listener. 


ks = 780 m/s. 


VV 


EXECUTE: v, =0. v =-25.0 m/s. f, -( Js gives v= 
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16.42. 


16.43. 


16.44. 


16.45. 


IDENTIFY: Follow the steps of Example 16.19. 
SET Up: In the first step, v = +20.0 m/s instead of —30.0 m/s. In the second step, v, =—20.0 m/s instead of 


+30.0 m/s. 


EXECUTE: fy =|——|f, -( saan Jeo Hz) = 283 Hz. Then 
VEV 340 m/s + 20.0 m/s 


. (vty), _ (340 m/s -20.0 ms) 
= = 283 Hz) = 266 Hz. 
f ( m P | 340 m/s ( Z) Z 


EVALUATE: When the car is moving toward the reflecting surface, the received frequency back at the source is 
higher than the emitted frequency. When the car is moving away from the reflecting surface, as is the case here, the 
received frequency back at the source is lower than the emitted frequency. 


IDENTIFY: Apply the Doppler shift equation f, = f uma? Jf 
VtV, 


SET Up: The positive direction is from listener to source. f; =392 Hz. 


(a) v,=0. v, =-15.0 m/s. f, ate a -(* m/s -15.0 m/s 


Joos Hz) =375 Hz 
344 m/s 


Vtv 


(b) v, =+35.0 m/s. v, =+15.0 m/s. eE SLS 


(392 Hz) =371 Hz 
344 m/s + 35.0 m/s 


VEV 
O fou = hi -J =4 Hz 

EVALUATE: The distance between whistle A and the listener is increasing, and for whistle A f, < f,. The 
distance between whistle B and the listener is also increasing, and for whistle B f, < f. 


IDENTIFY and SET Up: Apply Eqs.(16.27) and (16.28) for the wavelengths in front of and behind the source. 
v 344 m/s 


Then f =v/A. When the source is at rest 4 = — = = 0.860 m. 
F 400 Hz 
EXECUTE: (a) Eq.(16.27); A = = Sen S220 29 oath 
fs 400 Hz 
TE a E aa AL RN  e 


E 400 Hz 
(c) fi =v/A (since v, =0), so f, =(344 m/s)/0.798 m = 431 Hz 
(d) f, =v/A =(344 m/s)/0.922 m =373 Hz 


EVALUATE: In front of the source (source moving toward listener) the wavelength is decreased and the frequency 
is increased. Behind the source (source moving away from listener) the wavelength is increased and the frequency 
is decreased. 


v-v; 


and behind the source 2 = LEW. 


S S 


IDENTIFY: The distance between crests is A. In front of the source 2 = 


RET. 
SETUP: T=1.6s. v=0.32 m/s. The crest to crest distance is the wavelength, so 4 = 0.12 m. 
v-v; 


S 


EXECUTE: (a) fo =1/T =0.625 Hz. A= 


gives v; =v — 4f; =0.32 m/s — (0.12 m)(0.625 Hz) = 0.25 m/s. 


vty, _ 0.32 m/s +0.25 m/s 
ts 0.625 Hz 

EVALUATE: Ifthe duck was held at rest but still paddled its feet, it would produce waves of wavelength 

0.32 m/s 


~ 0.625 Hz 
increased. The speed of the duck is 78% of the wave speed, so the Doppler effects are large. 


b) 2= =0.91m 


=0.51 m. In front of the duck the wavelength is decreased and behind the duck the wavelength is 
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16.47. 


16.48. 


16.49. 


IDENTIFY: Apply f, = f aha Jo 
VHV; 


SETUp: f =1000 Hz. The positive direction is from the listener to the source. v = 344 m/s. 


vty 344 m/s 
a) v; =-(344 m/s)/2=-172 m/s, v, =0. f, = Ll R= 1000 Hz) = 2000 Hz 
ae 5) D (s Toal i 
vty, pemean 
i 344 m/s 


EVALUATE: (c) The answer in (b) is much less than the answer in (a). It is the velocity of the source and listener 
relative to the air that determines the effect, not the relative velocity of the source and listener relative to each other. 


IDENTIFY: Apply f, | Y | Se: 


V+Vs 


(b) w =0, v, =+172 m/s. f, -( Jaooo Hz) =1500 Hz 


VEV; 


SETUP: The positive direction is from the motorcycle toward the car. The car is stationary, so v, = 0. 


5 Vry, 
EXECUTE: ff, = 


caine fi 490 H 
a fs =(1+v,/v)f,, which gives v, -{4-1 =(344 m/s)(490 Hz 1) = -19.8 m/s. 


S 


You must be traveling at 19.8 m/s. 

EVALUATE: v, <0 means that the listener is moving away from the source. 

IDENTIFY: Apply the Doppler effect formula, Eq.(16.29). 

(a) SETUP: The positive direction is from the listener toward the source, as shown in Figure 16.48a. 


v, = —30.0 m/s v, = 18.0 m/s 


— — 
[| 
A 
ome + 
LtoS 


Figure 16.48a 


EXECUTE: f, [=> Js (2 m/s +18.0 m/s 


344 m/s — 30.0 m/s 
EVALUATE: Listener and source are approaching and f, > fe. 
(b) SETUP: See Figure 16.48b. 


Jose Hz) =302 Hz 


VHV 


v = —18.0 m/s v= +30.0 m/s 


~~ —> 
l 
ome + ome 
LtoS 


Figure 16.48b 


344 m/s +30.0 m/s 


EVALUATE: Listener and source are moving away from each other and f, < fo. 


Dewwn f (2) r -(# m/s —18.0 m/s 


Jove Hz) = 228 Hz 


VEV; 


IDENTIFY: The radar beam consists of electromagnetic waves and Eq.(16.30) applies. Apply the Doppler formula 
twice, once with the storm as a receiver and then again with the storm as a source. 

SETUP: c=3.00x10* m/s. When the source and receiver are moving toward each other, as is the case here, then 
v is negative. 


f _ fet, 
EXECUTE: Let f'be the frequency received by the storm; f’ = | | fs. Then f’ serves as the source 
re 


P| 


frequency when the waves are reflected and f} = a M | eat M ’ = f i H); 


c -|y e= 


Af = fa—Ss [eh -1)5 (3 |s -| (20.1 mis) |e00.0%10 Hz) = 26.8 Hz 


3.00x10° m/s —20.1 m/s 


16-12 Chapter 16 
. : . 2|v| as oa 
EVALUATE: Since |v <c, in the expression Af = =r f it is a very good approximation to replace c— hl 
c-|v 
Af „v v. Af . 2 . : . 
by c and then =-=2-—. — is very small, so —— is very small. Since the storm is approaching the station the final 
s C -G s 


16.50. 


16.51. 


16.52. 


16.53. 


16.54. 


received frequency is larger than the original transmitted frequency. 
IDENTIFY: Apply Eq.(16.30). The source is moving away, so v is positive. 


SETUP: c=3.00x10° m/s. v=+50.0x10° m/s. 
3.00 x10* m/s -50.0 x10° m/s 


; c-Vv 
EXECUTE: = = 
ae ere pose m/s +50.0x10° m/s 
EVALUATE: f} < f; since the source is moving away. The difference between f} and f, is very small since 


(3.330x10'* Hz) =3.329x10" Hz 


v&c. 
IDENTIFY: Apply Eq.(16.30). 
SETUP: Require f, =1.100f;. Since f, > f the star would be moving toward us and v< 0, so v=-|y]. 


c=3.00x10° m/s. 


EXECUTE: fp = er E fg =1.100 f; gives = |< 1.100. Solving for [v gives 


a [ @.100)? -1 Je 


|y| = =— = 0.0950 = 2.8510" m/s. 
1+(1.100) 


A A : 
EVALUATE: —=9.5%. Af -Rohs Js =10.0%. ~ and af are approximately equal. 
C s s c s 


IDENTIFY: Apply Eq.(16.31). 
SETUP: The Mach number is the value of v,/v, where v, is the speed of the shuttle and v is the speed of sound 
at the altitude of the shuttle. 


EXECUTE: (a) ~ =sina =sin58.0° =0.848. The Mach number is Miss Sie 
Vs v 0.848 
b) v,=—— g Sots Soia 
-sing ~ sin 58.0° 
(c) ¥s = 300 ig =1.13. The Mach number would be 1.13. sina =—-= AMG and a =61.9° 
v 344 m/s v; 390 m/s 


EVALUATE: The smaller the Mach number, the larger the angle of the shock-wave cone. 
IDENTIFY: Apply Eq.(16.31) to calculate œ. Use the method of Example 16.20 to calculate t. 


SET Up: Mach 1.70 means v/v =1.70. 

EXECUTE: (a) In Eq.(16.31), v/v, =1/1.70 =0.588 and a =arcsin(0.588) = 36.0°. 
(950 m) 

“OC. 70)(344 m/s)(tan(36.0°)) 


EVALUATE: The angle œ decreases when the speed v, of the plane increases. 


(b) As in Example 16.20, t =2.23s. 


IDENTIFY: The displacement y(x,f) is given in Eq.(16.1) and the pressure variation is given in Eq.(16.4). The 
pressure variation is related to the displacement by Eq.(16.3). 

SETUP: k=2z/A 

EXECUTE: (a) Mathematically, the waves given by Eq.(16.1) and Eq.(16.4) are out of phase. Physically, at a 
displacement node, the air is most compressed or rarefied on either side of the node, and the pressure gradient is 
zero. Thus, displacement nodes are pressure antinodes. 

(b) The graphs have the same form as in Figure 16.3 in the textbook. 


© pt) = -B200 9 


negative. When p versus x is a straight line with negative slope, p(x,t) is constant and positive. The graph of 


. When y(x,t) versus x is a straight line with positive slope, p(x,t) is constant and 


p(x,0) is given in Figure 16.54. The slope of the straightline segments for y(x,0) is 1.6x10~, so for the wave in 
Figure 16.42 in the textbook, P anon = (1-6x10)B. The sinusoidal wave has amplitude 


Paas = BkA =(2.5x10“)B. The difference in the pressure amplitudes is because the two y(x,0) functions have 
different slopes. 
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16.55. 


16.56. 


EVALUATE: (d) p(x,t) has its largest magnitude where y(x,t) has the greatest slope. This is where y(x,t) =0 for 
a sinusoidal wave but it is not true in general. 


Figure 16.54 


IDENTIFY: The sound intensity level is 6 =(10 dB)log(//J,), so the same sound intensity level 2 means the 


same intensity /. The intensity is related to pressure amplitude by Eq.(16.13) and to the displacement amplitude by 
Eq.(16.12). 

SETUP: v=344 m/s. w=27/f. Each octave higher corresponds to a doubling of frequency, so the note sung by 
the bass has frequency (932 Hz)/8=116.5 Hz. Let 1 refer to the note sung by the soprano and 2 refer to the note 


sung by the bass. 7, =1x10 W/m’. 


; the ratio is 1.00. 


max,2? 


2 
EXECUTE: (a) J= = and J, =Z, gives Prax. P 


(b) [=4. pBo’ A’ =4./ pB4n’ f° A’. I=L gives f4 = f4. Bat 8.00 


1 2 


I 
(c) 8 =72.0 dB gives log(I/I,) =7.2. ae and [ =1.585x10° W/m’. 1=1,/pB427 fA’. 


0 


-5 2 
pee en ee 1 2(1.585x10" Wim’) 47310 m=473 nm. 
2af\VeB  22(932 Hz)\| (1.20 kg/m*)(1.42*10° Pa) 


EVALUATE: Even for this loud note the displacement amplitude is very small. For a given intensity, the 
displacement amplitude depends on the frequency of the sound wave but the pressure amplitude does not. 
IDENTIFY: Use the equations that relate intensity level and intensity, intensity and pressure amplitude, pressure 
amplitude and displacement amplitude, and intensity and distance. 


(a) SET Up: Use the intensity level 2 to calculate / at this distance. 6 =(10 dB)log(//J,) 
EXECUTE: 52.0 dB=(10 dB)log(J/(10"” W/m’)) 
log(7/(10- W/m’)) =5.20 implies J =1.585x107 W/m? 
SETUP: Then use Eq.(16.14) to calculate p,,,,: 
2pv 
From Example 16.6, p =1.20 kg/m? for air at 20°C. 
EXECUTE: p =/2pvl = J2(1.20 kg/m?)(344 m/s)(1.585 x10” W/m?) = 0.0114 Pa 


(b) SETUP: Eq.(16.5): Prax =BkA so A= - 


For air B =1.42x10° Pa (Example 16.1). 
_ 2m 2af _ (2m rad)(587 Hz) 
A v 344 m/s 


A= Pom -= OOS =7.49x10° m 
Bk (1.42x10° Pa)(10.72 rad/m) 


(c) SETUP: £,-—,=(10 dB)log(/,//,) (Example 16.11). 

Eq.(15.26): 1,/I,=17/17 so L/L =r} lr 

EXECUTE: £, — 8, =(10 dB)log(7 /r,} =(20 dB)log(7;,/7,). 

$ =52.0 dB and r, =5.00 m. Then £, =30.0 dB and we need to calculate 7. 
52.0 dB—30.0 dB =(20 dB) log(7,/7,) 

22.0 dB = (20 dB) log(7,/7,) 

log(7,/r,) =1.10 so 7, =12.6r, = 63.0 m. 


EXECUTE: k =10.72 rad/m 
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16.58. 


16.59. 


EVALUATE: The decrease in intensity level corresponds to a decrease in intensity, and this means an increase in 
distance. The intensity level uses a logarithmic scale, so simple proportionality between r and 8 doesn’t apply. 


IDENTIFY: The sound is first loud when the frequency fy of the speaker equals the frequency f; of the 


: ‘ ; ; : RT 
fundamental standing wave for the gas in the tube. The tube is a stopped pipe, and f; = T v= T The sound 
is next loud when the speaker frequency equals the first overtone frequency for the tube. 


SETUP: A stopped pipe has only odd harmonics, so the frequency of the first overtone is f, =3 f. 


: 1 RT EN, 16L’ Mf? 

EXECUTE: (a) h=f= Lae Y* This gives pa SEME 
4L 4L\ M yR 

(b) 3f. 


EVALUATE: (c) Measure f, and L. Then f} = I gives v =4Lf. 


IDENTIFY: foa = ie = fal. Í. = and v= E gives f, -LJE Apply Èr, =0 to the bar to find the 
2L m 2VmL 

tension in each wire. 

SET Up: For Èr, =Q take the pivot at wire A and let counterclockwise torques be positive. The free-body 

diagram for the bar is given in Figure 16.58. Let L be the length of the bar. 

EXECUTE: Èr, =0 gives F,L-— Wea l3 L/4) — w,,.(L/2) = 0. 

F; = 3Wreng /4 + Wa /2 = 3(185 N)/4+ (165 N)/2=221 N. F, +F, = Wa + Wieag SO 


oa 129 N 
F = Wy, + Wea F, =165 N+185 N-221N=129N. fi, = | ? 88.4 Hz. 


2\5.50x10° kg)(0.750 m) _ 
: . {221N . . : 
fs = hial on T Hz. foa = Jis 7 fia = 27.3 Hz. 


EVALUATE: The frequency increases when the tension in the wire increases. 
Fg 
Fa 


© 


3L/4 ~ 


Pivot 


k L|2 


Wh, 
ar 
Wihead 


Figure 16.58 


IDENTIFY: The flute acts as a stopped pipe and its harmonic frequencies are given by Eq.(16.23). The resonant 
frequencies of the string are f, =nf,, n=1, 2, 3,... The string resonates when the string frequency equals the flute 


frequency. 
SET Up: For the string fi, = 600.0 Hz. For the flute, the fundamental frequency is 
Te Tee Se! 800.0 Hz. Let n, label the harmonics of the flute and let n, label the harmonics of the 


= 4L 4(0.1075 m) 
string. 

EXECUTE: For the flute and string to be in resonance, ns fip =M, fis, Where fi, = 600.0 Hz is the fundamental 
frequency for the string. n, =n (fit/ fs) =4n,. n, is an integer when n; =3N, N =1, 3, 5, ... (the flute has only 
odd harmonics). n, =3N gives n, =4N 

Flute harmonic 3N resonates with string harmonic 4N, N =1, 3,5, .... 

EVALUATE: We can check our results for some specific values of N. For N =1, n, =3 and fy; =2400 Hz. For 
this N, n,=4 and f,, = 2400 Hz. For N=3, n,=9and fj, =7200 Hz, and n,=12, f,,,= 7200 Hz. Our general 
results do give equal frequencies for the two objects. 
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16.62. 


n 


IDENTIFY: The harmonics of the string are f, = nf, = dz} where / is the length of the string. The tube is a 


stopped pipe and its standing wave frequencies are given by Eq.(16.22). For the string, v=./F'/ 42, where F is the 
tension in the string. 


SETUP: The length of the string is d = L/10, so its third harmonic has frequency /;""* = 3545 F/u. The 


stopped pipe has length L, so its first harmonic has frequency /,""* = re 


EXECUTE: (a) Equating f°" and fP™ and using d =L/10 gives F = 300 uvè. 

(b) If the tension is doubled, all the frequencies of the string will increase by a factor of V2. In particular, the third 
harmonic of the string will no longer be in resonance with the first harmonic of the pipe because the frequencies 
will no longer match, so the sound produced by the instrument will be diminished. 

(c) The string will be in resonance with a standing wave in the pipe when their frequencies are equal. Using 


fe =3f"", the frequencies of the pipe are nf,"” =3nf,"", (where n=1, 3, 5, ...). Setting this equal to the 


frequencies of the string n'f""*, the harmonics of the string are _n' =3n =3, 9, 15, ... The nth harmonic of the 


pipe is in resonance with the 3nth harmonic of the string. 

EVALUATE: Each standing wave for the air column is in resonance with a standing wave on the string. But the 
reverse is not true; not all standing waves of the string are in resonance with a harmonic of the pipe. 

IDENTIFY and SETUP: The frequency of any harmonic is an integer multiple of the fundamental. For a stopped 
pipe only odd harmonics are present. For an open pipe, all harmonics are present. See which pattern of harmonics 
fits to the observed values in order to determine which type of pipe it is. Then solve for the fundamental frequency 
and relate that to the length of the pipe. 

EXECUTE: (a) For an open pipe the successive harmonics are f, =nf,, n=1, 2,3, .... For a stopped pipe the 


successive harmonics are f, =nf,, n=1, 3,5, .... If the pipe is open and these harmonics are successive, then 

f =nf, =1372 Hz and f, =(n+1)f, =1764 Hz. Subtract the first equation from the second: 

(n+1)f, —nf, =1764 Hz—1372 Hz. This gives f; =392 Hz. Then n= — =3.5. But n must be an integer, so 
Z 


the pipe can’t be open. If the pipe is stopped and these harmonics are successive, then f, = nf; =1372 Hz and 
Ja =(n+2)f, =1764 Hz (in this case successive harmonics differ in n by 2). Subtracting one equation from the 
other gives 2 f, =392 Hz and f, =196 Hz. Then n=1372 Hz/ f, =7 so 1372 Hz=7/f, and 1764 Hz =9 f.. The 
solution gives integer n as it should; the pipe is stopped. 
(b) From part (a) these are the 7th and 9th harmonics. 
(c) From part (a) f, =196 Hz. 
; . 344 m/ 

For a stopped pipe f, = Y and L= a = S 0.439 m. 

4L 4f, 4(196 Hz) 
EVALUATE: Itis essential to know that these are successive harmonics and to realize that 1372 Hz is not the 
fundamental. There are other lower frequency standing waves; these are just two successive ones. 
IDENTIFY: The steel rod has standing waves much like a pipe open at both ends, since the ends are both displacement 


antinodes. An integral number of half wavelengths must fit on the rod, that is, f, = T with n=1, 2,3,.... 


SETUP: Table 16.1 gives v=5941 m/s for longitudinal waves in steel. 
EXECUTE: (a) The ends of the rod are antinodes because the ends of the rod are free to oscillate. 
(b) The fundamental can be produced when the rod is held at the middle because a node is located there. 
_ (1)(5941 m/s 
(ce) f= ( X / ) 
2(1.50 m) 


(d) The next harmonic is n =2, or f, =3961 Hz. We would need to hold the rod at an n =2 node, which is located 
at L/4=0.375 m from either end. 


EVALUATE: For the 1.50 m long rod the wavelength of the fundamental is x = 2L =3.00 m. The node to 
antinode distance is 2/4 = 0.75 m. For the second harmonic 4 = L =1.50 m and the node to antinode distance is 
0.375 m. There is a node at the middle of the rod, but forcing a node at 0.375 m from one end, by holding the rod 
there, prevents rod from vibrating in the fundamental. 


=1980 Hz 
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IDENTIFY: The shower stall can be modeled as a pipe closed at both ends, and hence there are nodes at the two 
end walls. Figure 15.23 in the textbook shows standing waves on a string fixed at both ends but the sequence of 

harmonics is the same, namely that an integral number of half wavelengths must fit in the stall. 

SET Up: The first three normal modes correspond to one half, two halves or three halves of a wavelength along 
the length of the air column. 


EXECUTE: (a) The condition for standing waves is f, = oP so the first three harmonics are for n =1, 2, 3. 
_ nv 


(b) A particular physics professor’s shower has a length of L =1.48 m. Using f, = A and v=344 m/s gives 
resonant frequencies 116 Hz, 232 Hz and 349 Hz. 

Note that the fundamental and second harmonic, which would have the greatest amplitude, are frequencies 
typically in the normal range of male singers. Hence, men do sing better in the shower! (For a further discussion of 
resonance and the human voice, see Thomas D. Rossing, The Science of Sound, Second Edition, Addison-Wesley, 
1990, especially Chapters 4 and 17.) 

EVALUATE: The standing wave frequencies for a pipe closed at both ends are the same as for an open pipe of the 
same length, even though the nodal patterns are different. 

IDENTIFY: Stress is F/A, where F is the tension in the string and A is its cross sectional area. 


; s 1 F 1JF 
SETUP: Az=zr’. For a string fixed at each end, f, = an N 
2L 2LŅ\u 2\mL 


EXECUTE: (a) The cross-section area of the string would be A = (900 N)/(7.0 x10% Pa) =1.29x10° m’, 


corresponding to a radius of 0.640 mm. The length is the volume divided by the area, and the volume is 
V =m/ p, so 


-3 
pov m/e _ (4.00 x10° kg) EA 
A A (78x10 kg/m°)\(1.29x10% m°) 
; ; . 1 900 N 
(b) For the maximum tension of 900 N, f, = 5 =375 Hz, or 380 Hz to two figures. 
2\ (4.00x107~ kg)(0.40 m) 


EVALUATE: The string could be shorter and thicker. A shorter string of the same mass would have a higher 
fundamental frequency. 

IDENTIFY and SETUP: There is a node at the piston, so the distance the piston moves is the node to node 
distance, 1/2. Use Eq.(15.1) to calculate v and Eq.(16.10) to calculate y from v. 

EXECUTE: (a) 2/2=37.5 cm, so 4 =2(37.5 cm) = 75.0 cm =0.750 m. 

v = fA = (500 Hz)(0.750 m) = 375 m/s 


(b) v=/vRT/M (Eq.16.10) 
z Mv? _ (28.8 x10° kg/mol)(375 m/s)’ 2488 
RT (8.3145 J/mol-K)(350 K) 
(c) EVALUATE: There is a node at the piston so when the piston is 18.0 cm from the open end the node is inside 
the pipe, 18.0 cm from the open end. The node to antinode distance is 2/4=18.8 cm, so the antinode is 0.8 cm 
beyond the open end of the pipe. 
The value of y we calculated agrees with the value given for air in Example 16.5. 


IDENTIFY: Model the auditory canal as a stopped pipe with length 2.5 cm. 
SET Up: The frequencies of a stopped pipe are given by Eq.(16.22). 
EXECUTE: (a) The frequency of the fundamental is f; = v/4L = (344 m/s)/[4(0.025 m)] = 3440 Hz. 3500 Hz is 


near the resonant frequency, and the ear will be sensitive to this frequency. 
(b) The next resonant frequency would be 3 f, = 10,500 Hz and the ear would be sensitive to sounds with 


frequencies close to this value. But 7000 Hz is not a resonant frequency for a stopped pipe and the ear is not 
sensitive at this frequency. 

EVALUATE: Fora stopped pipe only odd harmonics are present. 

IDENTIFY: The tuning fork frequencies that will cause this to happen are the standing wave frequencies of the 


wire. For a wire of mass m, length L and with tension F the fundamental frequency is f, = aT = E The 
m 


standing wave frequencies are f, =nf,, n=l, 2,3,... 
SETUP: F=Mg, where M =0.420 kg. The mass of the wire is m= pV = pLad’/4, where d is the diameter. 


=a 2 
Execute: (a) f,=,/~—=,| “&_ = eel ee m/s I- eat 
i 4mL zd L p m(225x10™” m) (0.45 m) (21.4x10 kg/m ) 


The tuning fork frequencies for which the fork would vibrate are integer multiples of 77.3 Hz. 
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EVALUATE: (b) The ratio m/ M =x9x10*, so the tension does not vary appreciably along the string due to the 
mass of the wire. Also, the suspended mass has a large inertia compared to the mass of the wire and assuming that 
it is stationary is an excellent approximation. 


IDENTIFY: Fora stopped pipe the frequency of the fundamental is f, = na The speed of sound in air depends on 


temperature, as shown by Eq.(16.10). 

SETUP: Example 16.5 shows that the speed of sound in air at 20°C is 344 m/s. 
v _ 344 m/s 
4f  4(349 Hz) 
(b) The frequency will be proportional to the speed, and hence to the square root of the Kelvin temperature. The 
temperature necessary to have the frequency be higher is (293.15 K)([370 Hz]/[349 Hz])° =329.5K, which is 

56.3°C. 
EVALUATE: 56.3°C =133°F, so this extreme rise in pitch won't occur in practical situations. But changes in 


EXECUTE: (a) L= = 0.246 m 


temperature can have noticeable effects on the pitch of the organ notes. 
: RT 
IDENTIFY: v= få. v= ae Solve for y. 


SETUP: The wavelength is twice the separation of the nodes, so 2=2L, where L=0.200 m. 


EXECUTE: v=Af =2Lf = e Solving for y, 


(16.0x10”° kg/mol) 
(8.3145 J/mol -K) (293.15 K) 


EVALUATE: This value of y is smaller than that of air. We will see in Chapter 19 that this value of y is a typical 
value for polyatomic gases. 
IDENTIFY: Destructive interference occurs when the path difference is a half-integer number of wavelengths. 
Constructive interference occurs when the path difference is an integer number of wavelengths. 
SETUP: 4 Sy es o4 it 

f 784 Hz 


EXECUTE: (a) If the separation of the speakers is denoted A, the condition for destructive interference is 


vx’ +h? —x = BA, where # is an odd multiple of one-half. Adding x to both sides, squaring, canceling the x° 
2 

2BA 

for B=4, 2.71 mfor B=, 1.27mfor B=2, 0.53 m for B=4, and 0.026 m for B =%. These are the only 


2? 


(2(0.200 m)(1100 Hz))’ =1.27. 


M apma 
4 TAA 


term from both sides and solving for x gives x= oA Using 4 = 0.439 m and h = 2.00 m yields 9.01 m 


allowable values of 8 that give positive solutions for x. 

(b) Repeating the above for integral values of 2, constructive interference occurs at 4.34 m, 1.84 m, 0.86 m, 
0.26 m. Note that these are between, but not midway between, the answers to part (a). 

(c) If h=A/2, there will be destructive interference at speaker B. If 4/2 >h, the path difference can never be as 
large as 2/2. (This is also obtained from the above expression for x, with x=0 and £ =+.) The minimum 
frequency is then v/2h = (344 m/s)/(4.0 m) =86 Hz. 


EVALUATE: When increases, / is smaller and there are more occurrences of points of constructive and 
destructive interference. 


IDENTIFY: Apply f. = f tY J 
PF Vs 


SET UP: The positive direction is from the listener to the source. (a) The wall is the listener. v = —30 m/s. 
v, =0. fı =600 Hz. (b) The wall is the source and the car is the listener. vy, =0. v, =+30 m/s. fg = 600 Hz. 


EXECUTE: (a) f, = (= i Je f= [= Ji = (= na 600 Hz) =548 Hz 
rs ep 


344 m/s 


Jeo Hz) = 652 Hz 


VtV, 


v+y 344 m/s +30 m/s 
b) f= EN E oe | ee 
os| Je-( sade 


EVALUATE: Since the singer and wall are moving toward each other the frequency received by the wall is greater 
than the frequency sung by the soprano, and the frequency she hears from the reflected sound is larger still. 
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IDENTIFY: Apply f, = = Y 
v 


) Js- The wall first acts as a listener and then as a source. 


+v 
SET UP: The positive direction is from listener to source. The bat is moving toward the wall so the Doppler effect 
increases the frequency and the final frequency received, f,,, is greater than the original source frequency, fg, 


fe, = 2000 Hz. fi- fo, =10.0 Hz. 


V+V, 


EXECUTE: The wall receives the sound: fo = fo. fe = fir Ys =—Vpa and v, =0. f- 


) f; gives 


L 
VTV¢, 


fii -|- . Jf The wall receives the sound: fy = fi Vs =0 and v, =+y,,. 
~ "bat 


vt+y v+y, v PEV 
o oe, bat e bat KT a bat H 
to Í i | I Jo Joe 
v v V — Voat V — Viat 


; | V+ Vat ; 2V at vAf 344 m/s)(10.0 Hz 
tof =A = at] Sg = 5 Jar Vot == T X ) =0.858 m/s. 
V—Voat 2f, +Af  2(2000 Hz) +10.0 Hz 


i ; ; ; . (2v 
EVALUATE: f < Af, so we can write our result as the approximate but accurate expression Af = (==) fe 
v 


IDENTIFY and SET UP: Use Eq.(16.12) for the intensity and Eq.(16.14) to relate the intensity and pressure 
amplitude. 
EXECUTE: (a) The amplitude of the oscillations is AR. 


1 =4/pBQxfy A =2[pBr f (ARY 
(b) P=1(47R’) =82° J pB f R (ARY? 
(c) I,/I, =d?/R? 

1, =(R/dy I, = 27° pB(Rf / dy (ARY 
T=p2,./2pB so 

Prax = (2V PBI) = 22 JPB (Rf /d) AR 


Prax Died... Pma 
A= Pox — Pmax mx -y [p/B(R/d) AR 
Bk Bln B2af pene 


But v=/B/p so vj p/B=1 so A=(R/d) AR. 


EVALUATE: The pressure amplitude and displacement amplitude fall off like 1/d and the intensity like 1/d’. 


vty, 


IDENTIFY: Apply f, -Í Jf The heart wall first acts as the listener and then as the source. 


V+V, 
SET UP: The positive direction is from listener to source. The heart wall is moving toward the receiver so the 
Doppler effect increases the frequency and the final frequency received, f, is greater than the source frequency, 


Jor fz = fi =85 Hz. 


vty 


EXECUTE: Heart wall receives the sound: f = fo. Ji = fiur Vs =9- Vi = -Vya f- 


Je gives 


V+V, 


v, =0. 


wall* 


; v ; v V= iy V= aia <p . VV aa |i 2V a : 
fal Je- I =) -f a to faa e)a n Jf 
V E Vrai V E Vwa V VE Vrai V Via V E Vian 
2 — foi) , . ; — fa )v (85 Hz)(1500 m/s 
Vvall = —VarfaY_ Is: > fio fsi and Vyar = Vis Js) = X z ) 
2 fa =S Js) 2 fyi 2(2.00 x 10° Hz) 


EVALUATE: ~, =2.00x10° Hz and f,- f, =85 Hz, so the approximation we made is very accurate. Within 
s1 2 Jsi pp y 


: v=v, ; ; ; 
fii (= \6 Heart wall emits the sound: fy = fi Vs =+ 
v 


=0.0319 m/s =3.19 cm/s. 


this approximation, the frequency difference between the reflected and transmitted waves is directly proportional 
to the speed of the heart wall. 
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(a) IDENTIFY and SET UP: Use Eq.(15.1) to calculate 2. 
_v_ 1482 m/s 
f 220x10 Hz 
(b) IDENTIFY: Apply the Doppler effect equation, Eq.(16.29). The Problem-Solving Strategy in the text (Section 
16.8) describes how to do this problem. The frequency of the directly radiated waves is f, = 22,000 Hz. The 


moving whale first plays the role of a moving listener, receiving waves with frequency fl. The whale then acts as 


EXECUTE: Å = 0.0674 m 


a moving source, emitting waves with the same frequency, fj = f! with which they are received. Let the speed of 
the whale be vy. 
SET Up: whale receives waves (Figure 16.75a) 


w v. =0 s L 
: s EXECUTE: v, =+Vy 
DD ow NET 
==» ‘ (vty, vty 
LtoS Sl=Shs = sA =) 
f! f VEV Vv 
Ji Js 


Figure 16.75a 


SET UP: whale re-emits the waves (Figure 16.75b) 


v , 
=w y= 0 EXECUTE: v; =—Vy 
af 


K> tis W n-a) ) 
Fer Ji VHV vV—=Vy 


Ss a 
Figure 16.75b 


But f= fi so a ee Ja] 
Then Af =R- f -ahi wt) p [rue ) ft 


Ape —2(2.20 x10 Hz)(4.95 m/s) 
1482 m/s — 4.95 m/s 
EVALUATE: Listener and source are moving toward each other so frequency is raised. 


=147 Hz. 


v+v, 


IDENTIFY: Apply the Doppler effect formula f, -( ) ff. In the SHM the source moves toward and away 


V+YVs 
from the listener, with maximum speed @, A,. 

SET Up: The direction from listener to source is positive. 

EXECUTE: (a) The maximum velocity of the siren is @,4, = 2@/f,4,. You hear a sound with frequency 
Sie = Sica v/ (v +v), where v; varies between +274, and -27 fp Ap. fi max = firen v/ (v —2nf,A,) and 


S-min = Arion v/(v F 27 fpAp). 

(b) The maximum (minimum) frequency is heard when the platform is passing through equilibrium and moving up 
(down). 

EVALUATE: When the platform is moving upward the frequency you hear is greater than fien and when it is 


moving downward the frequency you hear is less than f, 


siren * 


When the platform is at its maximum displacement 
from equilibrium its speed is zero and the frequency you hear is fien 

IDENTIFY: Follow the method of Example 16.19 and apply the Doppler shift formula twice, once with the insect 
as the listener and again with the insect as the source. 

SETUP: Let v,,, be the speed of the bat, v, 


nse DC the speed of the insect, and f; be the frequency with which the 
sound waves both strike and are reflected from the insect. The positive direction in each application of the Doppler 


shift formula is from the listener to the source. 
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EXECUTE: The frequencies at which the bat sends and receives the signals are related by 
fi = f vt Yoa ) = sf? t fost | vt u } Solving for Vinsect ? 

y= Vinsect Ve Vhat v= Vinsect 
1-42) 
cy Few | [io = fs(¥* Vea) 
insect TE FV -Va ) + Fo (V + Voce ) 
f v= Vhat 

Letting fi = fen and fy = fou gives the result. 
(b) If fa =80.7 kHz, foa =83.5 kHz, and v,a =3.9 m/s, then Vasa =2.0 m/s. 
EVALUATE: f n> fou because the bat and insect are approaching each other. 

16.78. IDENTIFY: Follow the steps specified in the problem. v is positive when the source is moving away from the 
receiver and v is negative when the source is moving toward the receiver. | f — fr is the beat frequency. 
SETUP: The source and receiver are approaching, so fg > fcand fg — f, = 46.0 Hz. 

EXECUTE: (a) f. =f, T -v f Vl-v/e =, í ”) fi l a 
: BSN eae See. SN e ej ` 
(b) For small x, the binomial theorem (see Appendix B) gives (1 x)” xl-x/2, (1 4 x)” xl-x/2. Therefore 
2 
Let h = z) = fe í = 2), where the binomial theorem has been used to approximate (1 — x/2) zl-x. 
c c 
(c) For an airplane, the approximation v <c is certainly valid. Solving the expression found in part (b) for v, 
v= cH ZA -che =(3.00x10° mojo Sei m =-56.8 m/s. The speed of the aircraft is 56.8 m/s. 
ts ts 2.43 x 10° Hz 
EVALUATE: The approximation v «c is seen to be valid. v is negative because the source and receiver are 
approaching. Since v « c, the fractional shift in frequency, = is very small. 

16.79. IDENTIFY: Apply the result derived in part (b) of Problem 16.78. The radius of the nebula is R = vt, where t is 

the time since the supernova explosion. 
SETUP: When the source and receiver are moving toward each other, v is negative and f} > f,. The light from 
the explosion reached earth 952 years ago, so that is the amount of time the nebula has expanded. 
1 ly =9.46x10" m. 
. 14 
EXECUTE: (a) v= E RS = (3.00 x10° m/s) DULE = Ee 1.2x10° m/s, with the minus sign indicating 
ts 4.568 x10° Hz 
that the gas is approaching the earth, as is expected since fy > fc. 
(b) The radius is (952 yr)(3.156x10" s/yr)(1.2 x10° m/s) =3.6x10'° m=3.8 ly. 
(c) The ratio of the width of the nebula to 27 times the distance from the earth is the ratio of the angular width 
(taken as 5 arc minutes) to an entire circle, which is 60 x 360 arc minutes. The distance to the nebula is then 
2(3.75 yoo =5,2x10° ly. The time it takes light to travel this distance is 5200 yr, so the explosion 
actually took place 5200 yr before 1054 C.E., or about 4100 B.C.E. 
Af . 
EVALUATE: tape 4.0x10%, so even though |v is very large the approximation required for v = ae is accurate. 
È 
16.80. IDENTIFY and SETUP: Use Eq.(16.30) that describes the Doppler effect for electromagnetic waves. vc, so 


the simplified form derived in Problem 16.78b can be used. 
(a) EXECUTE: From Problem 16.78b, fg = f,(1—v/c). 

v is negative since the source is approaching: 

v =—(42.0 km/h)(1000 m/1 km)(1 h/3600 s) = —1 1.67 m/s 
Approaching means that the frequency is increased. 


af = f{-2)=2800%10" Ha oe me 


-———_ —_ |= 109 Hz 
3.00 x10° m/s 
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(b) EVALUATE: Approaching, so the frequency is increased. v « c and therefore Af / fs <1. The frequency of 


the waves received and reflected by the water is very close to 2880 MHz, so get an additional shift of 109 Hz and 
the total shift in frequency is 2(109 Hz) = 218 Hz. 

IDENTIFY: Follow the method of Example 16.19 and apply the Doppler shift formula twice, once for the wall as 
a listener and then again with the wall as a source. 

SET Up: In each application of the Doppler formula, the positive direction is from the listener to the source 


EXECUTE: (a) The wall will receive and reflect pulses at a frequency sae Jf, and the woman will hear this 
v-v, 


w 


reflected wave at a frequency ad ees h= Vert fo- The beat frequency is fya = fo asa = Al ai } 
vV 


v v-v V-vV Via YEY 
w Ww 


w w 


(b) In this case, the sound reflected from the wall will have a lower frequency, and using f,(v—v,)(v+v,,) as the 


detected frequency. v, is replaced by —v, in the calculation of part (a) and fya =o h) ie = ad 2¥y } 
vty, vty, 

EVALUATE: The beat frequency is larger when she runs toward the wall, even though her speed is the same in 

both cases. 

IDENTIFY and SET UP: Use Fig.(16.37) to relate œ and T. 

Use this in Eq.(16.31) to eliminate sina. 

sing sina 


cosa Jl-sin’a 


EXECUTE: Eq.(16.31): sina =v/v, From Fig.16.37 tang =h/v,T. And tana = 


Combining these equations we get a Ns and Bs i 
vT N= Wily T di-w 
vT? v? 
IO = ee T aar 


hv 
v, = ——— 
5 Nk? -vT? 


EVALUATE: For a given A, the faster the speed v, of the plane, the greater is the delay time T. The maximum 


as was to be shown. 


delay time is h/v, and T approaches this value as v, > 0. T—>0 as v >v. 


IDENTIFY: The phase of the wave is determined by the value of x—vt, so t increasing is equivalent to x 
decreasing with ¢ constant. The pressure fluctuation and displacement are related by Eq.(16.3). 


1 : : ; : ; 
SETUP: y(x,t)= -7 [PDk If p(x,t) versus x is a straight line, then y(x,t) versus x is a parabola. For air, 


B=1.42x10° Pa. 

EXECUTE: (a) The graph is sketched in Figure 16.83a. 

(b) From Eq.(16.4), the function that has the given p(x, 0) att =0 is given graphically in Figure 16.83b. Each 
section is a parabola, not a portion of a sine curve. The period is 2/v = (0.200 m)/(344 m/s) =5.81x10~ sand the 
amplitude is equal to the area under the p versus x curve between x =0 and x = 0.0500 m divided by B, or 
7.04x10°m. 

(c) Assuming a wave moving in the +x -direction, y(0, t) is as shown in Figure 16.83c. 

(d) The maximum velocity of a particle occurs when a particle is moving through the origin, and the particle speed 


y Vv y R ë ë 
is v, = -Zy = ae The maximum velocity is found from the maximum pressure, and 


Vmax = (40 Pa)(344 m/s) /(1.42 x 10° Pa) =9.69 cm/s. The maximum acceleration is the maximum pressure gradient 
divided by the density, 
nd (80.0 Pa)/(0.100 m) 
ee (1.20 kg/m’) 
(e) The speaker cone moves with the displacement as found in part (c ); the speaker cone alternates between moving 
forward and backward with constant magnitude of acceleration (but changing sign). The acceleration as a function 
of time is a square wave with amplitude 667 m/s’ and frequency f = v/A =(344 m/s)/(0.200 m) = 1.72 kHz. 


=6.67x10° m/s’. 
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EVALUATE: We can verify that p(x, t) versus x has a shape proportional to the slope of the graph of y(x, t) 
versus x. The same is also true of the graphs versus t. 
p (Pa) 
| 
x(m) 
t(s) 
0 20 40 60 80 100 120 
(9 
Figure 16.83 
; : ‘ P 
16.84. IDENTIFY: Ata distance r from a point source with power output P, J = tee 2 =(10 dB)log(//J,). For two 


nr 

sources the amplitudes are combined according to the phase difference. 
SETUP: The amplitude is proportional to the square root of the intensity. Taking the speed of sound to be 
344 m/s, the wavelength of the waves emitted by each speaker is 2.00 m. 
EXECUTE: (a) Point C is two wavelengths from speaker A and one and one-half from speaker B, and so the 
phase difference is 180° = z rad. 

P 8.00x10* W 
Ar? 47(4.00 m)? 
(10 dB) log (3.98 x 10°) = 66.0 dB. Repeating with P =6.00x10~° W and r =3.00 m gives 


I =5.31x10" W/m’ and £ =57.2 dB. 


(c) With the result of part (a), the amplitudes, either displacement or pressure, must be subtracted. That is, the 
intensity is found by taking the square roots of the intensities found in part (b), subtracting, and squaring the 


difference. The result is that 7 =1.60x10~° W/m’ and = 62.1 dB. 
EVALUATE: Subtracting the intensities of A and B gives 
3.98 x 10° W/m? —5.31x107 W/m? =3.45x10° W/m”. This is very different from the correct intensity at C. 


(b) J = =3.98x10° W/m? and the sound intensity level is 
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IDENTIFY and SETUP: 7, =2T. +32°. 
EXECUTE: (a) T, =(9/5)(—62.8) +32 =—81.0°F 
(b) T, = (9/5)(56.7) + 32 =134.1°F 

(c) T, =(9/5)(31.1) +32 =88.0°F 


EVALUATE: Fahrenheit degrees are smaller than Celsius degrees, so it takes more F° than C° to express the 
difference of a temperature from the ice point. 


IDENTIFY and SETUP: T, =4(T, —32°) 

EXECUTE: (a) T, = (5/9)(41.0 — 32) = 5.0°C 

(b) T, =(5/9)(107 — 32) = 41.7°C 

(c) T, =(5/9)(—18 — 32) = —27.8°C 

EVALUATE: Fahrenheit degrees are smaller than Celsius degrees, so it takes more F° than C° to express the 
difference of a temperature from the ice point. 

IDENTIFY: Convert each temperature from °C to °F. 

SETUP: 7, =2T,+32°C 

EXECUTE: 18°C equals 2(18°)+32°=64°F and 39°C equals 2(39°)+32°=102°F. The temperature increase is 
102°F — 64°F = 38 F°. 


o 


: 2 F° 
EVALUATE: The temperature increase is 21 C°, and this corresponds to (21 c: < )- 38 F°. 


IDENTIFY: Convert AT =10 K to F°. 
Set Up: 1 K=1 C°=3F°. 

EXECUTE: A temperature increase of 10 K corresponds to an increase of 18 F°. Beaker B has the higher 
temperature. 

EVALUATE: Kelvin and Celsius degrees are the same size. Fahrenheit degrees are smaller, so it takes more of 
them to express a given AT value. 

IDENTIFY: Convert AT in kelvins to C° and to F°. 

SETUP: 1K =1C°=2F° 

EXECUTE: (a) AT, =2AT7 =2(-10.0 C°) =-18.0 F° 

(b) AT. = AT, =-10.0 C° 

EVALUATE: Kelvin and Celsius degrees are the same size. Fahrenheit degrees are smaller, so it takes more of them 
to express a given AT value. 

IDENTIFY: Convert AT between different scales. 

SET Up: AT is the same on the Celsius and Kelvin scales. 180 F°=100 C°, so 1C°=2F°. 

IC? 


9 fo} 
5 


EXECUTE: (a) AT =49.0 F°. AT =(49.0 P| )- 27.2. C°. 


(b) AT =-100 F°. AT =(-100.0 ae S) = -55.6 C° 
5 


EVALUATE: The magnitude of the temperature change is larger in F° than in C°. 
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IDENTIFY: Convert T in °C to °F. 

SETUP: 7, =2(%.+32°) 

EXECUTE: (a) T, =2(40.2°)+32°=104.4°F. Yes, you should be concerned. 

(b) T; =2(T, +32°) =2 (12°C) + 32° = 54°F. 

EVALUATE: In doing the temperature conversion we account for both the size of the degrees and the different 
zero points on the two temperature scales. 

IDENTIFY: Set 7. =T; and T; =T,. 


SETUP: 7, =2T,+32°C and Ty =T, + 273.15 =3(T, —32°) + 273.15 
EXECUTE: (a) T, =T, =T gives T=27 +32° and T =-40°; —40°C =—40°F. 
(b) T, =T; =T gives T =$(T -32°)+273.15 and T =2(—(3)(32°) + 273.15) =575°; 575°F =575 K. 


EVALUATE: Since 7, =T, + 273.15 there is no temperature at which Celsius and Kelvin thermometers agree. 
IDENTIFY: Convert to the Celsius scale and then to the Kelvin scale. 
SET Up: Combining Eq.(17.2) and Eq.(17.3), Tę = T, — 32°) +273.15, 


EXECUTE: Substitution of the given Fahrenheit temperatures gives 
(a) 216.5 K 

(b) 325.9 K 

(c) 205.4 K 

EVALUATE: All temperatures on the Kelvin scale are positive. 
IDENTIFY: Convert 7, to T, and then convert T, to Tp. 


SETUP: T, =T, +273.15 and T, =2T. +32°. 

EXECUTE: (a) T, =400 -273.15 =127°C, T, =(9/5)(126.85) +32 = 260°F 

(b) 7. =95-273.15=-178°C, T, =(9/5)(-178.15) +32 = -289°F 

(© T, =1.55x10" -273.15 =1.55x10"°C, T, =(9/5)(1.55 x10’) +32 =2.79x10"°F 


EVALUATE: All temperatures on the Kelvin scale are positive. T, is negative if the temperature is below the 


freezing point of water. 

IDENTIFY: Convert T,to T, and then convert T, to Ty. 

SETUP: T, =3(7,-32°). Tg =, +273.15. 

EXECUTE: (a) T, = $(—346° —32°) = -210°C 

(b) 7, = -210° +273.15 =63 K 

EVALUATE: The temperature is negative on the Celsius and Fahrenheit scales but all temperatures are positive on 
the Kelvin scale. 

IDENTIFY: Apply Eq.(17.5) and solve for p. 

SETUP: — Pipe = 325 mm of mercury 


373.15 K 
273.16 K 
EVALUATE: mm of mercury is a unit of pressure. Since Eq.(17.5) involves a ratio of pressures, it is not necessary 
to convert the pressure to units of Pa. 


EXECUTE: p=(325.0 mm of mercury)( = 444 mm of mercury 


IDENTIFY: When the volume is constant, 2- Pa for T in kelvins. 

ee P 
SETUP: Tipe = 273.16 K. Figure 17.7 in the textbook gives that the temperature at which CO, solidifies is 
Too, =195 K. 


T. 195 K 
EXECUTE: = p| = |=(1.35 atm)| ———— |=0.964 atm 
a (2) sare z) 


EVALUATE: The pressure decreases when T decreases. 
IDENTIFY: 1KĶK=1C° and 1 C°=2F°, so 1 K =2R°. 
SETUP: On the Kelvin scale, the triple point is 273.16 K. 
EXECUTE: Tape = (9/5)273.16 K = 491.69°R. 


EVALUATE: One could also look at Figure 17.7 in the textbook and note that the Fahrenheit scale extends from 
—460°F to +32°F and conclude that the triple point is about 492°R. 
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IDENTIFY and SET UP: Fit the data to a straight line for p(T) and use this equation to find T when p=0. 
EXECUTE: (a) If the pressure varies linearly with temperature, then p, = p,+7(Z, —T)). 
pa-p, _ 6.50x10* Pa—4.80x10* Pa 


y= = =170.0 Pa/C° 
T, -T, 100°C —0.01°C 
Apply p=p,+yv(-T,) with 7 =0.01°C and p=0 to solve for T. 
0=p+y(T-T) 
4.80x10* Pa _ 


= —282°C. 


T =T,- =0.01°C 
y 170 Pa/C° 


(b) Let 7T, =100°C and T, =0.01°C; use Eq.(17.4) to calculate p,. Eq.(17.4) says T,/T, = p,/p,, where T is in kelvins. 
Pa =P; B =6.50x10* Pa 0.01+273.15 
T, 100 +273.15 


so Eq.(17.4) is not precisely obeyed. 
EVALUATE: The answer to part (a) is in reasonable agreement with the accepted value of —273°C 


IDENTIFY: Apply AL=@L,AT and calculate AT. Then T, =T, +AT, with T, =15.5°C. 
SETUP: Table 17.1 gives æ =1.2x10% (C°)” for steel. 

AL 0.471 ft 

aL, 7 [1.2 x10% (C°) '][1671 ft] 
EVALUATE: Since then the lengths enter in the ratio AL/L,, we can leave the lengths in ft. 


=4.76x10* Pa; this differs from the 4.80x10* Pa that was measured 


EXECUTE: AT = =23.5C°. T, =15.5°C +23.5 C° =39.0°C. 


IDENTIFY: AL =L,a@AT 
SETUP: For steel, æ =1.2x10° (C°)! 
EXECUTE: AL = (1.2 x10” (C°)™)(1410 m)(18.0°C -(—5.0°C)) = +0.39 m 


EVALUATE: The length increases when the temperature increases. The fractional increase is very small, since 
aAT is small. 


IDENTIFY: Apply L= L,(1+&AT) to the diameter d of the rivet. 

SETUP: For aluminum, a =2.4x10~ (C°)”. Let d, be the diameter at -78.0°C and d be the diameter at 23.0°C. 
EXECUTE: d=d,+Ad =d,(1+ @AT) = (0.4500 cm)(1 + (2.410 °(C°) ')(23.0°C —[-78.0°C])). 

d =0.4511 cm =4.511 mm. 

EVALUATE: We could have let d, be the diameter at 23.0°C and d be the diameter at —78.0°C. Then 

AT = -78.0°C —23.0°C. 

IDENTIFY: Apply L=L,(1+a@AT) to the diameter D of the penny. 

SETUP: 1K =1C°, so we can use temperatures in °C. 

EXECUTE: Death Valley: @D,AT =(2.6x10~ (C°)")(1.90 cm)(28.0 C°) =1.4x10” cm, so the diameter is 
1.9014 cm. Greenland: @D,AT =-3.6x10° cm, so the diameter is 1.8964 cm. 

EVALUATE: When T increases the diameter increases and when T decreases the diameter decreases. 

IDENTIFY: AV = VAT. Use the diameter at —15°C to calculate the value of V, at that temperature. 

SET Up: For a hemisphere of radius R, the volume is V = taR. Table 17.2 gives 8 =7.2x10% (C°)' for 
aluminum. 

EXECUTE: JV, =27R* =22(27.5 m}? =4.356x10* m°. 

AV =(7.2x10% (C°)')(4.356 x10* m°)(35°C —[-15°C]) =160 m° 

EVALUATE: We could also calculate R = R,(1+ @AT) and calculate the new V from R. The increase in volume is 
V —V,, but we would have to be careful to avoid round-off errors when two large volumes of nearly the same size 


are subtracted. 
IDENTIFY: Linear expansion; apply Eq.(17.6) and solve for a. 


SETUP: Let L, =40.125 cm; T, =20.0°C. AT =45.0°C —20.0°C = 25.0 C° gives AL =0.023 cm 
EXECUTE: AL=aL,AT implies a= ao = 9.023 e =2.3x10° (C°)". 
L,AT (40.125 cm)(25.0 C°) 


EVALUATE: The value we calculated is the same order of magnitude as the values for metals in Table 17.1. 
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IDENTIFY: Apply AV =V,BAT. 

SETUP: For copper, 6 =5.1x10° (C°)'. AV/V, =0.150x10™. 

AVIV, __0.150x10™ 
B 5.1x10° (C°) 


EVALUATE: The volume increases when the temperature increases. 
IDENTIFY: Volume expansion; apply Eq.(17.8) to calculate AV for the ethanol. 


SETUP: From Table 17.2, 8 for ethanol is 75x10% K“ 
EXECUTE: AT =10.0°C-19.0°C =-9.0 K. Then AV = BV,AT = (75x105 K“)(1700 L)(-9.0 K)=-11 L. The 


EXECUTE: AT = 


=29.4 C°. T, =T, +AT =49.4°C. 


volume of the air space will be 11 L = 0.011 m°. 

EVALUATE: The temperature decreases, so the volume of the liquid decreases. The volume change is small, less 
than 1% of the original volume. 

IDENTIFY: Apply AV =V JAT to the tank and to the ethanol. 

SETUP: For ethanol, B, =75x10° (C°). For steel, 8, =3.6x10° (C°). 

EXECUTE: The volume change for the tank is 

AV, =V, BAT = (2.80 m*)(3.6x10° (C°) ')(-14.0 C°) =-1.41x10° m° = -1.41 L. 

The volume change for the ethanol is 

AV, =V BAT = (2.80 m°)(75 x10” (C°) ')(-14.0 C°) = -2.94 x10? m° = -29.4 L. 

The empty volume in the tank is AV, — AV, = -29.4 L—(-1.4 L) =—28.0 L. 28.0 L of ethanol can be added to the 
tank. 

EVALUATE: Both volumes decrease. But £, > @,, so the magnitude of the volume decrease for the ethanol is less 
than it is for the tank. 

IDENTIFY: Apply AV =V JAT to the volume of the flask and to the mercury. When heated, both the volume of 
the flask and the volume of the mercury increase. 

SETUP: For mercury, yg =18x10° (C°). 


EXECUTE: 8.95 cm’ of mercury overflows, so AV,,, — AV,,,., =8.95 cm’. 


glass 
EXECUTE: AV, = V Bu, AT = (1000.00 cm°)(18 x10 (C°) ')(55.0 C°) =9.9 em’. 


AV ass 0.95 cm? 

VAT (1000.00 cm*)(55.0 C°) 
EVALUATE: The coefficient of volume expansion for the mercury is larger than for glass. When they are heated, 
both the volume of the mercury and the inside volume of the flask increase. But the increase for the mercury is 
greater and it no longer all fits inside the flask. 

IDENTIFY: Apply AL = L,@AT to each linear dimension of the surface. 


AY, 


ass = AVgg —8.95 cm? = 0.95 cm”. Baas = =1.7x10” (C°). 


SETUP: The area can be written as A=aL,L,, where a is a constant that depends on the shape of the surface. For 
example, if the object is a sphere, a = 4x and L, = L, =r. Ifthe object is a cube, a = 6 and L = L, =L, the length 
of one side of the cube. For aluminum, æ = 2.4x10% (C°)"'. 

EXECUTE: (a) 4, =aLl,,J,,. L =La +AT). L, =L),(1+ @AT). 

A=aLL, =aly,L,(1+ AT) = A,(1+2aAT +[a@AT]). GAT is very small, so [AT] can be neglected and 
A=A,(1+2a@AT). AA = 4A- A, =(2@)A,AT 

(b) AA =(2@)A,AT =(2)(2.4x10° (C°)')(7(0.275 m)*)(12.5 C°) =1.4x107 m? 


EVALUATE: The derivation assumes the object expands uniformly in all directions. 
IDENTIFY and SET UP: Apply the result of Exercise 17.26a to calculate AA for the plate, and then A= A, + AA. 


EXECUTE: (a) 4, = 7r} = (1.350 cm/2)* =1.431 cm? 

(b) Exercise 17.26 says AA=2a@4,AT, so AA =2(1.2x10° C%')(1.431 em’)(175°C — 25°C) = 5.15107 cm? 
A=A,+AA=1.436 cm? 

EVALUATE: A hole in a flat metal plate expands when the metal is heated just as a piece of metal the same size 


as the hole would expand. 
IDENTIFY: Apply AL=L,@AT to the diameter D,, of the steel cylinder and the diameter Dgr of the brass piston. 


SET Up: For brass, @p =2.0x10° (C°). For steel, a; =1.2x10° (C°)". 
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EXECUTE: (a) No, the brass expands more than the steel. 
(b) Call D, the inside diameter of the steel cylinder at 20°C. At 150°C, D,, = Dgr: 


D, + AD; = 25.000 cm + AD,,. This gives Dy + @~D AT = 25.000 cm + Gg, (25.000 cm) AT. 


_ 25.000 cm(1 + Æa AT) _ (25.000 em)[ 1 + (2.010 (C2y "(130 C°) | 
1+a,,AT 14+(1.2x10° (C°)7)(30 C°) 

EVALUATE: The space inside the steel cylinder expands just like a solid piece of steel of the same size. 

IDENTIFY: Find the change AL in the diameter of the lid. The diameter of the lid expands according to Eq.(17.6). 

SET Up: Assume iron has the same æ as steel, so œ =1.2x10° (C°)". 

EXECUTE: AL=@L,AT =(1.2x10° (C°)')(725 mm)(30.0 C°) = 0.26 mm 

EVALUATE: In Eq.(17.6), AL has the same units as L. 

IDENTIFY: Apply Eq.(17.12) and solve for F. 

SET Up: For brass, Y =0.9x10" Pa and @=2.0x10° (C°)”. 

EXECUTE: F =—YaATA = -(0.9 x10" Pa)(2.0x107°(C°)')(-110 C°)(2.01x10~ m°) =4.0x10* N 

EVALUATE: A large force is required. AT is negative and a positive tensile force is required. 

IDENTIFY and SET UP: For part (a), apply Eq.(17.6) to the linear expansion of the wire. For part (b), apply 

Eq.(17.12) and calculate F/A. 

EXECUTE: (a) AL=a@L,AT 

a- A 1.9x10° m 
L,AT (1.50 m)(420°C — 20°C) 

(b) Eq.(17.12): stress F/A = -Y &AT 

AT = 20°C — 420°C = -400 C° (AT always means final temperature minus initial temperature) 

FIA = —(2.0 x10" Pa)(3.2x10°(C°) ')(-400 C°) = +2.6 x10” Pa 

EVALUATE: F/A is positive means that the stress is a tensile (stretching) stress. The answer to part (a) is consistent 

with the values of œ for metals in Table 17.1. The tensile stress for this modest temperature decrease is huge. 

IDENTIFY: Apply AL = L,&AT and stress = F / A=—YaAT. 

SETUP: For steel, @=1.2x10° (C°) | and Y =2.0x10"' Pa. 

EXECUTE: (a) AL =L,aAT =(12.0 m)(1.2x10° (C°) ')(35.0 C°) =5.0 mm 

(b) stress =—YaAT = -(2.0 x10" Pa)(1.2 x10% (C°)")(35.0 C°) =-8.4x10’ Pa. The minus sign means the stress 


is compressive. 

EVALUATE: Commonly occurring temperature changes result in very small fractional changes in length but very 
large stresses if the length change is prevented from occurring. 

IDENTIFY and SET UP: Apply Eq.(17.13) to the kettle and water. 

EXECUTE: kettle 

Q=mcAT, c=910 J/kg-K (from Table 17.3) 

Q =(1.50 kg)(910 J/kg -K)(85.0°C — 20.0°C) = 8.873 x10* J 


water 
Q=mcAT, c=4190 J/kg-K (from Table 17.3) 


Q = (1.80 kg)(4190 J/kg -K)(85.0°C — 20.0°C) = 4.902 x 10° J 
Total Q =8.873x10* J+4.902x10° J=5.79x10° J 
EVALUATE: Water has a much larger specific heat capacity than aluminum, so most of the heat goes into raising 
the temperature of the water. 
IDENTIFY: The heat required is Q =mcAT. P =200 W =200 J/s, which is energy divided by time. 
SET Up: For water, c=4.19x10° J/kg -K. 
EXECUTE: (a) Q=mcAT = (0.320 kg)(4.19 x10? J/kg -K)(60.0 C°) = 8.04x10* J 

8.04 x 10° 
(b) t= 04x10" J 

200.0 J/s 

EVALUATE: 0.320 kg of water has volume 0.320 L. The time we calculated in part (b) is consistent with our 


everyday experience. 
IDENTIFY: Apply Q=mcAT. m= w/g. 


SETUP: The temperature change is AT =18.0 K. 

Q — gQ _ (9.80 m/s*)(1.25x10* J) 
mAT wAT (28.4 N)(18.0 K) 
EVALUATE: The value for c is similar to that for silver in Table 17.3, so it is a reasonable result. 


D =25.026 cm. 


0 


=3.2x10° (C°) 


= 402 s = 6.7 min 


EXECUTE: c= = 240 J/kg- K. 
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IDENTIFY and SET Up: Use Eq.(17.13) 
EXECUTE: (a) Q=mcAT 
m=4(1.3x10° kg) =0.65x10° kg 
Q =(0.65x10™ kg)(1020 J/kg -K)(37°C —(-20°C)) =38 J 
(b) 20 breaths/min (60 min/1 h) =1200 breaths/h 
So Q=(1200)(38 J) =4.6x10* J. 
EVALUATE: The heat loss rate is O/t =13 W. 
IDENTIFY: Apply Q = mcAT to find the heat that would raise the temperature of the student's body 7 C°. 
SETUP: 1W=1J/s 
EXECUTE: Find Q to raise the body temperature from 37°C to 44°C. 
Q =mcAT =(70 kg)(3480 J/kg-K)(7 C°) =1.7x10° J. 
LAs 
1200 J/s 
EVALUATE: Heat removal mechanisms are essential to the well-being of a person. 
IDENTIFY and SETUP: Set the change in gravitational potential energy equal to the quantity of heat added to the 
water. 
EXECUTE: The change in mechanical energy equals the decrease in gravitational potential energy, AU =—mgh; 
|AU|=mgh. Q=|AU|=mgh implies mcAT = mgh 
AT = gh/c = (9.80 m/s*)(225 m)/(4190 J/kg- K) = 0.526 K =0.526 C° 
EVALUATE: Note that the answer is independent of the mass of the object. Note also the small change in 
temperature that corresponds to this large change in height! 


IDENTIFY: The work done by friction is the loss of mechanical energy. The heat input for a temperature change is 
Q=mcAT 


SETUP: The crate loses potential energy mgh, with A = (8.00 m)sin36.9°, and gains kinetic energy 4mv;. 
EXECUTE: (a) W, =mgh—4mv; = (35.0 kg)((9.80 m/s” )(8.00 m)sin36.9° — (2.50 m/s)’) =1.54x10° J. 


=1400 s = 23 min. 


(b) Using the results of part (a) for Q gives AT = (1.54x10° J)/((35.0 kg)(3650 J/kg -K)) =1.21x107 C°. 
EVALUATE: The temperature rise is very small. 

IDENTIFY: The work done by the brakes equals the initial kinetic energy of the train. Use the volume of the air to 
calculate its mass. Use Q = mcAT applied to the air to calculate AT for the air. 

SETUP: K=4mv. m=pV. 

EXECUTE: The initial kinetic energy of the train is K = 4(25,000 kg)(15.5 m/s)’ =3.00x10° J. Therefore, Q for 
the air is 3.00x10° J. m= pV =(1.20 kg/m*)(65.0 m)(20.0 m)(12.0 m) =1.87x10* kg. Q =mcAT gives 


6 
ar=£ = evn’ =0.157 C°. 
mc (1.87x10" kg)(1020 J/kg -K) 
EVALUATE: The mass of air in the station is comparable to the mass of the train and the temperature rise is small. 


IDENTIFY: Set K =4mv’ equal to Q=mcAT for the nail and solve for AT. 


SET Up: For aluminum, c =0.91x10° J/kg -K. 
EXECUTE: The kinetic energy of the hammer before it strikes the nail is 
K= tmv? =4(1.80 kg)(7.80 m/s)’ = 54.8 J. Each strike of the hammer transfers 0.60(54.8 J) =32.9 J, and with 


10 strikes Q =329 J. Q=mcAT and AT = he = aa g =45.2 C° 
mec (8.00x10~ kg)(0.91x10° J/kg -K) 
EVALUATE: This agrees with our experience that hammered nails get noticeably warmer. 
IDENTIFY and SET Up: Use the power and time to calculate the heat input Q and then use Eq.(17.13) to 
calculate c. 
(a) EXECUTE: P=(/t, so the total heat transferred to the liquid is Q = Pt = (65.0 W)(120 s) = 7800 J 


o _ 7800 K 
mAT 0.780 kg(22.54°C -18.55°C) 


(b) EVALUATE: Then the actual Q transferred to the liquid is less than 7800 J so the actual c is less than our 
calculated value; our result in part (a) is an overestimate. 


Then Q =mcAT gives c= =2.51x10° J/kg-K 
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IDENTIFY: Q=mcAT. The mass ofn moles is m=nM. 

SET Up: For iron, M =55.845x10° kg/mol and c = 470 J/kg- K. 

EXECUTE: (a) The mass of 3.00 mol is m =nM = (3.00 mol)(55.845 x10 kg/mol) = 0.1675 kg. 

AT =Q/mc = (8950 J)/[ (0.1675 kg)(470 J/kg -K)]=114 K =114 C°. 

(b) For m =3.00 kg, AT = O/mc = 6.35 C°. 

EVALUATE: (c) The result of part (a) is much larger; 3.00 kg is more material than 3.00 mol. 

IDENTIFY: The latent heat of fusion L, is defined by Q = mL, for the solid —> liquid phase transition. For a 
temperature change, Q = mcAT. 


SETUP: At ¢=1 min the sample is at its melting point and at t = 2.5 min all the sample has melted. 
EXECUTE: (a) It takes 1.5 min for all the sample to melt once its melting point is reached and the heat input 
during this time interval is (1.5 min)(10.0x10° J/min) =1.50x10* J. Q=mL,. 


4 
Oe ea es 
m 0.500 kg 


(b) The liquid's temperature rises 30 C° in 1.5 min. Q = mcAT. 
Q 1.50x10* J 


Ciiquia = = sx = 1.00 x 10° J/kg -K. 
mAT (0.500 kg)(30 C°) 


f 


Q _— 1.00x10* J 
mAT (0.500 kg)(15 C°) 
EVALUATE: The specific heat capacities for the liquid and solid states are different. The values of c and L, that 


The solid's temperature rises 15 C° in 1.0 min. Coia = =1,33x10° J/kg K. 


we calculated are within the range of values in Tables 17.3 and 17.4. 
IDENTIFY and SET Up: Heat comes out of the metal and into the water. The final temperature is in the range 
0<T <100°C, so there are no phase changes. Q =0. 


system 


(a) EXECUTE: Ovater + Q neral = 0 


M vater water AT, water + M retal metal AT, metal — 0 
(1.00 kg)(4190 J/kg -K)(2.0 C°) + (0.500 kg)(cnaa)(-78.0 C°) =0 


Creal = 215 J/kg- K 

(b) EVALUATE: Water has a larger specific heat capacity so stores more heat per degree of temperature change. 
(c) If some heat went into the styrofoam then Q ea, should actually be larger than in part (a), so the true ¢,,.. 1S 
larger than we calculated; the value we calculated would be smaller than the true value. 

IDENTIFY: Apply Q=mcAT to each object. The net heat flow Q sem for the system (man, soft drink) is zero. 


system 
SETUP: The mass of 1.00 L of water is 1.00 kg. Let the man be designated by the subscript m and the “‘water” 
by w. T is the final equilibrium temperature. c, = 4190 J/kg-K. AT, =AT,. 


EXECUTE: (a) Qysem =O gives m,C,,AT,, +m,C,AT, =0. mC, (1 -T,)+m,C, (1 -T,) =0. 
MaC lin + My Cyl iy 


wow 


MC + M,C 


_ (70.0 kg) (3480 J/kg - K) (37.0°C) + (0.355 kg) (4190 J/kg - C°) (12.0°C) 
(70.0 kg)(3480 J/kg -C°) + (0.355 kg) (4190 J/kg - C°) 

(b) It is possible a sensitive digital thermometer could measure this change since they can read to 0.1°C. It is best 

to refrain from drinking cold fluids prior to orally measuring a body temperature due to cooling of the mouth. 

EVALUATE: Heat comes out of the body and its temperature falls. Heat goes into the soft drink and its 


temperature rises. 
IDENTIFY: For the man's body, Q = mcAT. 
SETUP: From Exercise 17.46, AT =0.15 C° when the body returns to 37.0°C. 
EXECUTE: The rate of heat loss is Q/t. Q = mCAT T : 
t 


=0.00525 d = 7.6 minutes. 


MCa (Ta -T)=m,C,(T-T,). Solving for T, T = 


m~m ww 


T =36.85°C 


and t= 


, (10.355 kg)(3480 Jikg-C°)(0.15 C°) 
7.00x10° J/day 


EVALUATE: Even if all the BMR energy stays in the body, it takes the body several minutes to return to its 
normal temperature. 
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IDENTIFY: Fora temperature change Q =mcAT and for the liquid to solid phase change Q =—mL,. 
SET Up: For water, c=4.19x10° J/kg-K and L, =3.34x10° J/kg. 
EXECUTE: @Q=mcAT — mL, =(0.350 kg)({4.19x10° J/kg -K][-18.0 C°]—3.34x10° J/kg) =-1.43x10° J. The 


minus sign says 1.43x10° J must be removed from the water. (1.43x10° J {73 7 


J=342x10' cal =34.2 kcal. 


EVALUATE: @Q<0O when heat comes out of an object the equation Q = mcAT puts in the correct sign 
automatically, from the sign of AT =T, —7,. But in Q = +L we must select the correct sign. 


IDENTIFY and SET Up: Use Eq.(17.13) for the temperature changes and Eq.(17.20) for the phase changes. 
EXECUTE: Heat must be added to do the following 
ice at —10.0°C —> ice at 0°C 


Qe = MCAT = (12.0 x10 kg)(2100 J/kg -K)(0°C —(-10.0°C)) = 252 J 
phase transition ice (0°C) — liquid water (0°C) (melting) 
Oven = +mL, =(12.0x 10 kg)(334x10° J/kg) = 4.008 10° J 
water at 0°C (from melted ice water at 100°C 
Qae = MC yae AT = (12.0x 107 kg)(4190 J/kg -K)(100°C — 0°C) = 5.028 x 10° J 
phase transition water (100°C) — steam (100°C) (boiling) 
Oyo =+mL, =(12.0x10% kg)(2256x10° J/kg) = 2.707 x 10* J 
The total Q is Q = 252 J +4.008x10° J+5.028x10° J+2.707 x10* J=3.64x10* J 
(3.64 x10* J)(1 cal/4.186 J) =8.70x10° cal 
(3.6410* J)\(1 Btu/1055 J) = 34.5 Btu 
EVALUATE: Q is positive and heat must be added to the material. Note that more heat is needed for the liquid to 
gas phase change than for the temperature changes. 
IDENTIFY: Q=mcAT for a temperature change and Q =+mL, for the solid to liquid phase transition. The ice 
starts to melt when its temperature reaches 0.0°C. The system stays at 0.00°C until all the ice has melted. 
SETUP: For ice, c=2.01x10° J/kg-K. For water, L, =3.34x10° J/kg. 
EXECUTE: (a) Q to raise the temperature of ice to 0.00°C: 
1.66 x10* J 


Q =mcAT = (0.550 kg)(2.01x10° J/kg-K)(15.0 C°) =1.66x10* J. ¢=————— = 208 min. 
800.0 J/min 
; . 3 $ 1.84x10° J : 
(b) To melt all the ice requires Q = mL, =(0.550 kg)(3.34x10° J/kg) =1.84x10 J. ¢=—————. = 230 min. 
800.0 J/min 


The total time after the start of the heating is 251 min. 

(c) A graph of T versus ¢ is sketched in Figure 17.50. 

EVALUATE: _ It takes much longer for the ice to melt than it takes the ice to reach the melting point. 
T(°C) 


100 
80 
60 
40 
20 
0 
t(min) 


100 200 300 400 500 
Figure 17.50 
IDENTIFY and SET Up: Use Eq.(17.20) to calculate Q and then P = Q/t. Must convert the quantity of ice from lb to kg. 


EXECUTE: “two-ton air conditioner” means 2 tons (4000 Ibs) of ice can be frozen from water at 0°C in 24 h. Find 
the mass m that corresponds to 4000 Ib (weight of water): m = (4000 Ib)(1 kg/2.205 Ib) =1814 kg (The kg to lb 


equivalence from Appendix E has been used.) The heat that must be removed from the water to freeze it is 
Q =-mL, =—(1814 kg)(334x10° J/kg) =-6.06 10° J. The power required if this is to be done in 24 hours is 
p-l2l_ 6.06 x 10° J 

t  (24h)(3600 s/1 h) 


EVALUATE: The calculated power, the rate at which heat energy is removed by the unit, is equivalent to seventy 
100-W light bulbs. 


=7010 W or P=(7010 W)((1 Btu/h)/(0.293 W)) = 2.39 x10 Btu/h. 
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17.52. IDENTIFY: Fora temperature change, Q = mcAT. For the vapor — liquid phase transition, Q =—mL,,. 
SETUP: For water, L, =2.256x10° J/kg and c=4.19x10° J/kg-K. 
EXECUTE: (a) O=+m(-L,+cAT) 
Q =+(25.0x10° kg)(—2.256 x10° J/kg +[4.19x10° J/kg -K][ - 66.0 C°]) =-6.33 x 10* J 
(b) O=mcAT =(25.0x10% kg)(4.19 x10° J/kg -K)(— 66.0 C°) = —6.91x10° J. 
(c) The total heat released by the water that starts as steam is nearly a factor of ten larger than the heat released by 
water that starts at 100°C. Steam burns are much more severe than hot-water burns. 
EVALUATE: For a given amount of material, the heat for a phase change is typically much more than the heat for 


a temperature change. 


17.53. IDENTIFY and SET UP: The heat that must be added to a lead bullet of mass m to melt it is Q = mcAt + mL, 
(mcAT is the heat required to raise the temperature from 25°C to the melting point of 327.3°C; mL, is the heat 
required to make the solid > liquid phase change.) The kinetic energy of the bullet if its speed is vis K =4mv’. 


EXECUTE: K=Q says mv’ =mcAT +mL, 


v= /2(cAT + L) 


v= JA30 J/kg K)(327.3°C — 25°C) + 24.5 x10° J/kg] =357 m/s 
EVALUATE: This is a typical speed for a rifle bullet. A bullet fired into a block of wood does partially melt, but in 
practice not all of the initial kinetic energy is converted to heat that remains in the bullet. 

17.54. IDENTIFY: Fora temperature change, Q=mcAT. For the liquid > vapor phase change, Q =+mL,. 


SET Up: The density of water is 1000 kg/m’. 
EXECUTE: (a) The heat that goes into mass m of water to evaporate it is Q=+mL,. The heat flow for the man is 
Q =M, CAT, where AT =-1.00 C°. $.O =0 so mL, + Myg,CAT and 

MyanCAT — (70.0 kg)(3480 J/kg - K)(-1.00 C°) 


man 


aa 2.42x10° J/kg pee eres 

m 0.101kg 
1000 kg/m? 

EVALUATE: Fluid loss by evaporation from the skin can be significant. 


17.55. IDENTIFY: Use Q= MCAT to find Q for a temperature rise from 34.0°C to 40.0°C. Set this equal to 


=1.01x10~% m° =101 cm’. This is about 28% of the volume of a soft-drink can. 


(b) V = 


Q = mL, and solve for m, where m is the mass of water the camel would have to drink. 


SETUP: c=3480 J/kg-Kand L, =2.42x10° J/kg. For water, 1.00 kg has a volume 1.00 L. M =400 kg is the 
mass of the camel. 

McAT _ (400 kg)(3480 J/kg -K)(6.0 K) 
L (2.42 x10° J/kg) 


v 


EXECUTE: The mass of water that the camel saves is m = =3.45 kg 


which is a volume of 3.45 L. 
EVALUATE: This is nearly a gallon of water, so it is an appreciable savings. 


17.56. IDENTIFY: The asteroid's kinetic energy is K =4mv*. To boil the water, its temperature must be raised to 
100.0°C and the heat needed for the phase change must be added to the water. 
SETUP: For water, c = 4190 J/kg-K and L, = 2256x10° J/kg. 
EXECUTE: K =4(2.60x10" kg)(32.0x10° m/s)’ =1.33x10" J. Q=mcAT +mL,. 
Q 1.33x10” J 
cAT +L, : (4190 J/kg - K)(90.0 K) +2256x10° J/kg 


EVALUATE: The mass of water boiled is 2.5 times the mass of water in Lake Superior. 
17.57. IDENTIFY: Apply Q =mcAT to the air in the refrigerator and to the turkey. 


=5.05x10" kg. 


SETUP: For the air m, = eV 
EXECUTE: m = (1.20 kg/m’)(1.50 m°) =1.80 kg. Q=m,,,c,,AT +mc,AT. 


Q =({1.80 kg][1020 J/kg -K]+[10.0 kg][3480 J/kg -K])(-15.0 C°) =—5.50x10° J 
EVALUATE: Q is negative because heat is removed. 5% of the heat removed comes from the air. 
17.58. IDENTIFY: Q=mcAT for a temperature change. The net Q for the system (sample, can and water) is zero. 


SET Up: For water, c, =4.19x10° J/kg-K. For copper, c, =390 J/kg: K. 
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17.60. 


17.61. 


17.62. 


EXECUTE: For the water, Q, =m,c,AT, = (0.200 kg)(4.19x 10° J/kg-K)(7.1 C°) =5.95x10° J. 
For the copper can, Q, =m,c, AT, = (0.150 kg)(390 J/kg-K)(7.1 C°) = 415 J. 
For the sample, Q, = m c AT, = (0.085 kg)c,(-73.9 C°). 
Zo =0 gives (0.085 kg)(—73.9 C°)c, +415 J+5.95x10° J=0. c, =1.01x10° J/kg -K. 
EVALUATE: Heat comes out of the sample and goes into the water and the can. The value of c, we calculated is 
consistent with the values in Table 17.3. 
IDENTIFY and SETUP: Heat flows out of the water and into the ice. The net heat flow for the system is zero. The 
ice warms 0°C, melts, and then the water from the melted ice warms from 0°C to the final temperature. 
EXECUTE: Q sem = 0; calculate Q for each component of the system: (Beaker has small mass says that 
Q=mcAT for beaker can be neglected.) 
0.250 kg of water (cools from 75.0°C to 30.0°C) 
Qae = MCAT = (0.250 kg)(4190 J/kg -K)(30.0°C —75.0°C) = -4.714 x104 J 
ice (warms to 0°C; melts; water from melted ice warms to 30.0°C) 
Oise = MC AT + ML, + MC yao, AT 
Qe =m[(2100 J/kg - K)(0°C —(-20.0°C)) +334 x 10° J/kg +(4190 J/kg -K)(30.0°C —0°C)] 
Qe = (5.017 x10° J/kg)m 
Qy stom =0 says QO) ter + Qing =0 
—4.714x10* J+ (5.017 x10° J/kg)m =0 
4.714x10° J 
”5.017x10° J/kg 


EVALUATE: Since the final temperature is 30.0°C we know that all the ice melts and the final system is all liquid 
water. The mass of ice added is much less than the mass of the 75°C water; the ice requires a large heat input for 
the phase change. 


IDENTIFY: Fora temperature change Q = mcAT. For a melting phase transition Q = mL,. The net Q for the 


= 0.0940 kg 


system (sample, vial and ice) is zero. 

SET UP: Ice remains, so the final temperature is 0.0°C. For water, L, =3.34x10° J/kg. 

EXECUTE: For the sample, Q, = mc, AT, = (16.0x10~ kg)(2250 J/kg-K)(-19.5 C°) = -702 J. For the vial, 

Q, =m c AT, =(6.0x10° kg)(2800 J/kg -K)(-19.5 C°) = -328 J. For the ice that melts, Q, = mL,. xe =0 gives 
mL, — 702 J-328 J=0 and m=3.08x10° kg =3.08 g. 

EVALUATE: Only a small fraction of the ice melts. The water for the melted ice remains at 0°C and has no heat 


flow. 
IDENTIFY and SET Up: Large block of ice implies that ice is left, so T, =0°C (final temperature). Heat comes 


out of the ingot and into the ice. The net heat flow is zero. The ingot has a temperature change and the ice has a 
phase change. 


EXECUTE: Q, tm =0; calculate Q for each component of the system: 
ingot 

Qnoot = MCAT = (4.00 kg)(234 J/kg -K)(0°C — 750°C) = -7.02 x 10° J 
ice 

Q.e =+mL,, where m is the mass of the ice that changes phase (melts) 
OR = 0 says Oingot +O =0 

-7.02 x10° J + m(334x10° J/kg)=0 


5 
he fee J =2.10 kg 
334x10° J/kg 
EVALUATE: The liquid produced by the phase change remains at 0°C since it is in contact with ice. 
IDENTIFY: The initial temperature of the ice and water mixture is 0.0°C. Assume all the ice melts. We will know 
that assumption is incorrect if the final temperature we calculate is less than 0.0°C. The net Q for the system (can, 
water, ice and lead) is zero. 


SET Up: For copper, c, =390 J/kg-K. For lead, c, =130 J/kg-K. For water, c, =4.19x10° J/kg-K and 
L; =3.34x10° J/kg. 
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EXECUTE: For the copper can, Q, =m,c.AT, = (0.100 kg)(390 J/kg- K)(T —0.0°C) = (39.0 J/K)T. 

For the water, Q, =m c AT, =(0.160 kg)(4.19x10° J/kg -K)(T —0.0°C) = (670.4 J/K)T. 

For the ice, Q, = m,L; +m,c,,AT,, 

Q, = (0.018 kg)(3.34x10° J/kg K) + (0.018 kg)(4.19x10° J/kg -K)(T —0.0°C) = 6012 J +(75.4 J/K)T 

For the lead, Q, = mc, AT, = (0.750 kg)(130 J/kg -K)(T — 255°C) = (97.5 J/K)T — 2.486 x 10° J 

Zo =0 gives (39.0 J/K)T +(670.4 J/K)T +6012 J + (75.4 J/K) + (97.5 J/K)T — 2.486 x10* J =0. 

.885x10* 

sama 7A. 

EVALUATE: T >0.0°C, which confirms that all the ice melts. 

IDENTIFY: Set Q 


system 


=0, for the system of water, ice and steam. Q =mcAT for a temperature change and 
Q=+mL for a phase transition. 

SET Up: For water, c= 4190 J/kg-K, L, =334x10° J/kg and L, =2256x10° J/kg. 

EXECUTE: The steam both condenses and cools, and the ice melts and heats up along with the original water. 
m,L, + m,c(28.0 C°) + m,,c(28.0 C°) = Meany + MeeamC(—-72.0 C°) = 0. The mass of steam needed is 


steam” ~v 


_ (0.450 kg)(334 x 10° J/kg) + (2.85 kg)(4190 J/kg - K)(28.0 C°) 


steam 


Myeam = 3 =0.190 kg. 
i 2256 x10" J/kg + (4190 J/kg -K)(72.0 C°) 

EVALUATE: Since the final temperature is greater than 0.0°C, we know that all the ice melts. 
IDENTIFY: H =kAAT/L and k = = 

AAT 
SET Up: The SI units of H are watts, the units of area are m°, the temperature difference is in K, the length is in 
meters, so the SI units for thermal conductivity are [W] [m] = ae 

[m°][K] m-K 


EVALUATE: An equivalent way to express the units of kis J/(s-m-K). 

IDENTIFY and SET UP: The temperature gradient is (7,, —7,.)/L and can be calculated directly. Use Eq.(17.21) to 
calculate the heat current H. In part (c) use H from part (b) and apply Eq.(17.21) to the 12.0-cm section of the left 
end of the rod. T, =7, and T, =T, the target variable. 

EXECUTE: (a) temperature gradient = (T4 — T,.)/L = (100.0°C — 0.0°C)/0.450 m = 222 C°/m = 222 K/m 

(b) H =kA(T, —T,)/L. From Table 17.5, k =385 W/m-K, so 

H = (385 W/m-K)(1.25x10~ m’)(222 K/m) =10.7 W 

(c) H =10.7 W for all sections of the rod. 


12.0 cm 
nO T Jv 
T 
Figure 17.65 

Apply H =kaAT/L to the 12.0 cm section (Figure 17.65): Tą — T = LHIkA and 

(0.120 m)(10.7 W) 
(1.25x10* m’)(385 W/m -K) 
EVALUATE: His the same at all points along the rod, so AT/Ax is the same for any section of the rod with length 
Ax. Thus (Ta —7)/(12.0 cm) = (7, — Te )/(45.0 cm) gives that 7, =T = 26.7 C° and T =73.3°C, as we already 
calculated. 


T =T; — LH/Ak =100.0°C =73.3°C 


bes kKA(T,, -T 
IDENTIFY: Fora melting phase transition, Q = mL,. The rate of heat conduction is g = Mw, 
SETUP: For water, L, =3.34x10° J/kg. 


EXECUTE: The heat conducted by the rod in 10.0 min is 
3 5 3, Q 2.84x10°J 
O=mL, =(8.50x10™ kg)(3.34x10° J/kg) =2.84x10° J. = oer = 4.73 W. 
= (Q/ÐL _— (4.73 W)(0.600 m) 
A(T, —-T,) (1.25x10™ m°)(100 C°) 
EVALUATE: The heat conducted by the rod is the heat that enters the ice and produces the phase change. 


=227 W/m-K. 
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IDENTIFY and SETUP: Call the temperature at the interface between the wood and the styrofoam 7. The heat 
current in each material is given by H =kA(T,, — Tẹ )/L. 


See Figure 17.67 
Heat current through the wood: H, =k, A(T -T)L,, 


Heat current through the styrofoam: H, = k, A(T, —T)/L, 


Zz 
= 
~ 
= 
= 


Ly L > 
Figure 17.67 

In steady-state heat does not accumulate in either material. The same heat has to pass through both materials in 

succession, so H, =H. 

EXECUTE: (a) This implies k, A(T -T )/L, = k A(T, - TVL, 

kL (T —T,) =k L, (T, -T) 

T= k LT +k, LT, _ 0.0176 W -°C/K +00057 W-°C/K _ 


k L +k L, 0.00206 W/K 


EVALUATE: The temperature at the junction is much closer in value to 7, than to T,. The styrofoam has a very 


5.8°C 


large k, so a larger temperature gradient is required for than for wood to establish the same heat current. 
Ty ~ Te 
L 


. H OR 
(b) IDENTIFY and SET UP: Heat flow per square meter is F = { } We can calculate this either for the 


wood or for the styrofoam; the results must be the same. 
EXECUTE: wood 


ge oy AA = (0.080 W/m- K) AEA ine 
A L, 0.030 m 

styrofoam 

Pup OSE = (0.010 Winky Oa Wa 


A ° 0.022 m 
EVALUATE: H must be the same for both materials and our numerical results show this. Both materials are good 
insulators and the heat flow is very small. 
Q = KA(T,, ~ Tc) 
L 
SETUP: T-T, =175°C-35°C. 1K =1 C°, so there is no need to convert the temperatures to kelvins. 
Q _ (0.040 W/m-K)(1.40 m’)(175°C — 35°C) 
4.0x10° m 
(b) The power input must be 196 W, to replace the heat conducted through the walls. 
EVALUATE: The heat current is small because k is small for fiberglass. 
IDENTIFY: Apply Eq.(17.23). Q = Ht. 
SETUP: 1 Btu =1055 J 


S 


IDENTIFY: 


EXECUTE: (a) =196 W. 


AAT _ (125 ft?)(34 F°) 

R (30 ft?- F°-h/Btu) 
EVALUATE: With the given units of R, we can use A in ft?, AT in F° and tinh, and the calculation then gives 
Q in Btu. 


EXECUTE: The energy that flows in time tis Q = Ht = (5.0 h) =708 Btu =7.5x10° J. 


IDENTIFY: g = e QO/t is the same for both sections of the rod. 
t 
SETUP: For copper, k, =385 W/m-K. For steel, k, =50.2 W/m-K. 


-4 a fo} fo} 
EXECUTE: (a) For the copper section, 2 2 Ce EO een ete ©) 
t 1.00 m 
kKAAT _ (50.2 W/m-K)(4.00 x10“ m’)(65.0°C —0°C) 
(Olt) — 5.39 J/s 


EVALUATE: The thermal conductivity for steel is much less than that for copper, so for the same AT and A a 
smaller L for steel would be needed for the same heat current as in copper. 


= 5.39 J/s. 


(b) For the steel section, L = = 0.242 m. 


Temperature and Heat 17-13 


17.71. 


17.72. 


17.73. 


17.74. 


17.75. 


17.76. 


IDENTIFY and SETUP: The heat conducted through the bottom of the pot goes into the water at 100°C to convert 
it to steam at 100°C. We can calculate the amount of heat flow from the mass of material that changes phase. Then 
use Eq.(17.21) to calculate 7,,, the temperature of the lower surface of the pan. 


EXECUTE: Q=mL, = (0.390 kg)(2256x10° J/kg) =8.798x10° J 

H =Ol/t =8.798x10° J/180 s = 4.888 x10° J/s 

HL  (4.888x10° J/s)(8.50 x10” m) 
kA (50.2 Whm-K)(0.150 m2) 
Ta = Te +5.52 C° =100°C +5.52 C° =105.5°C 

EVALUATE: The larger T} —-T, is the larger H is and the faster the water boils. 
IDENTIFY: Apply Eq.(17.21) and solve for A. 

SET Up: The area of each circular end of a cylinder is related to the diameter D by A= mR? =2(D/2)’. For 
steel, k =50.2 W/m-K. The boiling water has T=100°C, so AT =300 K. 


EXECUTE: 2 AT and 150 J/s = (50.2 wim-k) { WR 
t L 0.500 m 


D=\4Alx =,[4(4.98x10° m?)/7 =8.0x107 m=8.0 cm. 
EVALUATE: H increases when A increases. 
IDENTIFY: Assume the temperatures of the surfaces of the window are the outside and inside temperatures. Use 
the concept of thermal resistance. For part (b) use the fact that when insulating materials are in layers, the R values 
are additive. 
SETUP: From Table 17.5, k =0.8 W/m-K for glass. R = L/k. 

_ 5.20107 m 
ees 0.8 W/m -K 
_ A(T, — Te) _ (1.40 m)(2.50 m)(39.5 K) 


5352:C8 


Then H =kA(7,, —T.)/L says that T} —T. = 


} This gives 4=4.98x10° m’, and 


EXECUTE: (a) For the glass, R =6.50x10° m’: K/W. 


H — =2.1x10° W 
R 6.50x10~ m“ -K/W 
-3 
(b) For the paper, R aper = UE 0.015 m” -K/W. The total R is R = Rotass + Rpaper = 0-0215 m?’ - K/W. 
0.05 W/m -K i 
He A(T, — Te) _ (1.40 m)(2.50 nO K) = 64x10? W. 
R 0.0215 m“ -K/W 


EVALUATE: The layer of paper decreases the rate of heat loss by a factor of about 3. 


s ; . H 
IDENTIFY: The rate of energy radiated per unit area is a eoT". 
SET Up: A blackbody has e=1. 
EXECUTE: (a) Z = (1)(5.67 x10 W/m? -K*)(273 K)* =315 W/m? 


(b) Z = (1)(5.67 x10" W/m? -K*)(2730 K)* =3.15x10° W/m? 


EVALUATE: When the Kelvin temperature increases by a factor of 10 the rate of energy radiation increases by a 
factor of 10^. 

IDENTIFY: Use Eq.(17.26) to calculate He- 

SETUP: H.,,, = Aeo(T* —T.*) (Eq.(17.26); T must be in kelvins) 

Example 17.16 gives 4=1.2 m°, e=1.0, and T =30°C =303 K (body surface temperature) 

T, =5.0°C = 278 K 

EXECUTE: Ha =573.5 W —406.4 W =167 W 

EVALUATE: Note that this is larger than H 
surroundings increases the rate of heat loss by radiation. 


ne Calculated in Example 17.16. The lower temperature of the 
IDENTIFY: The net heat current is H = Aeo(T* —T.*). A power input equal to H is required to maintain constant 
temperature of the sphere. 

SET Up: The surface area of a sphere is 4zr’. 

EXECUTE: H =47(0.0150 m)’(0.35)(5.67 x10 W/m? -K*)([3000 K]* -[290 K]*) = 4.54x10* W 

EVALUATE: Since 3000 K > 290 K and His proportional to 7*, the rate of emission of heat energy is much 
greater than the rate of absorption of heat energy from the surroundings. 
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IDENTIFY: Use Eq.(17.26) to calculate A. 

SETUP: H = AeoT* so A= HleoT* 

150-W and all electrical energy consumed is radiated says H =150 W 

EXECUTE: A= = il 7 7 =2.1«10% m*(1x10* cm?/1 m°) =2.1 cm? 
(0.35)(5.67 x 10° W/m? : K*)(2450 K) 


EVALUATE: Light bulb filaments are often in the shape of a tightly wound coil to increase the surface area; larger 
A means a larger radiated power H. 


IDENTIFY: Apply H = AeoT" and calculate A. 
SET Up: Fora sphere of radius R, A=472R*. o =5.67x10® W/m’ -K*. The radius of the earth is 
R, =6.38x10° m, the radius of the sun is R,,, =6.96x10° m, and the distance between the earth and the sun is 


r=1.50x10" m 


EXECUTE: The radius is found from R = HI (T) -|2 a 


32 
(a) R, = ee N __ 1.61x10! m 
\ 42(5.67x10* Wim? -K*) (1 T Ky 
23 
(b) R, = CONE l = 5.43x10° m 
\ 47(5.67x10" W/m? -K*) (10,000 K) 


EVALUATE: (c) The radius of Procyon B is comparable to that of the earth, and the radius of Rigel is comparable to 
the earth-sun distance. 

IDENTIFY and SET UP: Use the temperature difference in M° and in C° between the melting and boiling points of 
mercury to relate M° to C°. Also adjust for the different zero points on the two scales to get an equation for Ty in 
terms of Te. 

(a) EXECUTE: normal melting point of mercury: —39°C = 0.0°M 

normal boiling point of mercury: 357°C =100.0°M 

100.0°M =396 C° so 1 M° =3.96 C° 

Zero on the M scale is -39 on the C scale, so to obtain Tc multiply Ty by 3.96 and then subtract 39°: 

Te =3.96T —39° 

Solving for Tų gives Ty = 55 (Te +39°) 

The normal boiling point of water is 100°C; Tu = 55;(100° + 39°) =35.1°M 

(b) 10.0 M° = 39.6 C° 

EVALUATE: A Mf” is larger than a C° since it takes fewer of them to express the difference between the boiling 
and melting points for mercury. 

IDENTIFY: Apply AL = L,&AT to the radius of the hoop. The thickness of the space equals the increase in radius 
of the hoop. 

SET Up: The earth has radius R, = 6.38x10° mand this is the initial radius R, of the hoop. For steel, 
a=1.2xl0°K™. 1K =1 C°. 

EXECUTE: The increase in the radius of the hoop would be 


AR = RaAT =(6.38 x10° m)(1.2x10° K')(0.5 K)=38 m. 
EVALUATE: Even though AR is large, the fractional change in radius, AR/R,, is very small. 
IDENTIFY: The volume increases by AV =V,8AT and the mass is constant. p = m/V. 
SET Up: Copper has density p, =8.9x10° kg/m’ and coefficient of volume expansion £ =5.1x10~° (C°)'. The 
tube is initially at temperature 7,, has sides of length L,, volume V,, density ,, and coefficient of volume 
expansion £. 
EXECUTE: (a) When the temperature increase to 7, + AT, the volume changes by an amount AV, where 


m m 
AV = BV,AT. Then, o =————., or eliminating AV, p = ———___. Divide the top and bottom by V, and 
BY, p V+ AV g P V, + BV,AT p Yh 
substitute p, =m/V,. Then p= A a This can be rewritten as p = p,(1+ BAT) '. Then using the expression 
+ 


(1 + x)” =l+nx, where n=-l, p= p(l — PAT). This is accurate when AT is small, which is the case if 
AT < 1/8. 1/8 is on the order of 10° C° and AT is typically about 10° C° or less, so this approximation is accurate. 


Temperature and Heat 17-15 


17.82. 


17.83. 


17.84. 


17.85. 


(b) The copper cube has sides of length 1.25 cm = 0.0125 m and AT =70.0°C —20.0°C =50.0 C°. 
AV = BV,AT = (5.1x10° (C2) ')(0.0125 m} (50.0 C°) =5x10° m°. Similarly, 
p =(8.9x10° kg/m’*)(1—(5.1x10~% (C°)“)(50.0 C°)) =8.877 x 10° kg/m’. Therefore, Ap = —23 kg/m’. 
EVALUATE: When the temperature increases, the volume decreases and the density increases. 
; 1 [F 
IDENTIFY: v=4|F/u =NȚ4FL/m. For the fundamental, 4=2L and f = 7 = ar F, v and å change when T 
m 
changes because L changes. AL = LæaAT, where L is the original length. 
SETUP: For copper, œ =1.7x10~ (C°)". 
EXECUTE: (a) We can use differentials to find the frequency change because all length changes are small percents. 
i : AL AL 
Af a AE (only L changes due to heating). Af =44(F/mL)"?(Fim)(-I/L)AL =+ +] = =if—. 
OL mL ) L L 
Af =-4(aAT) f =-4(1.7x10° (C°)')(40 C°)(440 Hz) =—0.15 Hz. The frequency decreases since the length 


increases. 


Av L(FL/m)?(F/m)AL AL _ a@AT 
JFL/m 2L 


(d) 2=2L so AA=2AL> M 2AL AL QAT. ~ =(1.7x10% (C°)")(40 C°) = 6.8 x10 = 0.068%. 


(b) Av= = AL. - (1.7x 10 (C°)"'\(40 C°) =3.4x10 = 0.034%, 


A increases. 

EVALUATE: The wave speed and wavelength increase when the length increases and the frequency decreases. 
The percentage change in the frequency is —0.034%. The fractional change in all these quantities is very small. 
IDENTIFY and SET Up: Use Eq.(17.8) for the volume expansion of the oil and of the cup. Both the volume of the 
cup and the volume of the olive oil increase when the temperature increases, but f is larger for the oil so it 


expands more. When the oil starts to overflow, AV = AV a + (1.00x10° m)A, where A is the cross-sectional 


oil glass 
area of the cup. 
EXECUTE: AV, =V) 8 AT = (9.9 cm) Appa AT 
AV gas = Vo etassPatass AT = (10.0 cm) AL pass AT 
(9.9 cm)AB,,AT — (10.0 cm)AZ,,,,,AT + (1.00x10° m)A 
The A divides out. Solving for AT gives AT =15.5 C° 
T, =T,+ AT =37.5°C 
EVALUATE: Ifthe expansion of the cup is neglected, the olive oil will have expanded to fill the cup when 
(0.100 cm)4 =(9.9 cem)A4Z,,,AT, so AT =15.0 C° and T, =37.0°C. Our result is slightly higher than this. The cup 


also expands but not very much since yass & Loir 


IDENTIFY: Volume expansion: dV = V dT. B= ae 

SETUP: dV/dT is the slope of the graph of V versus T, the graph given in Figure 17.12 in the textbook. 

EXECUTE: f= ee Construct the tangent to the graph at 2°C and 8°C and measure the slope of this line. 
At 22°C: Slope ~ „aem and V =1000 cm°. Bx oem BC ~—3x10° (C°)'. The slope in negative, as the 
water contracts or it is heated. At 8°C: slope = ozem and V ~1000 cm’. Bx gama C =6x10° (COY. 


1000 cm’ 
The water now expands when heated. 
EVALUATE: £>0 when the material expands when heated and 8 <0 when the material contracts when it is 
heated. The minimum volume is at about 4°C and has opposite signs above and below this temperature. 
IDENTIFY: Use Eq.(17.6) to find the change in diameter of the sphere and the change in length of the cable. Set 
the sum of these two increases in length equal to 2.00 mm. 
SETUP: Qas =2.0x10° K™ and aj. =1.2x10° K”. 
EXECUTE: AL = (Q rassLo brass + Xsteel Loste) AT. 
T= 2.00x10° m 
(2.0x10° K™)(0.350 m) + (1.2x10° K™)(10.5 m) 


EVALUATE: The change in diameter of the brass sphere is 0.10 mm. This is small, but should not be neglected. 


=15.0 C°. T, =T, +AT =35.0°C. 
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IDENTIFY: Conservation of energy says Q, +0, =0, where Q, and Q, are the heat changes for the ethanol and 

cylinder. To find the volume of ethanol that overflows calculate AV for the ethanol and for the cylinder. 

SETUP: For ethanol, c, = 2428 J/kg-K and #,=75x10° K”. 

EXECUTE: (a) Q,+0,=0 gives m,c,(T; —[-10.0°C]) +m,c,(T,; —20.0°C]) =0. 

_ (20.0°C)m,c, — (10.0°C)m,c, T= (20.0°C)(0.110 kg)(840 J/kg -K) —(10.0°C)(0.0873 kg)(2428 J/kg -K) 
M,C, +M., oe (0.0873 kg)(2428 J/kg - K) + (0.110 kg)(840 J/kg - K) 

_ -271.6°C 

304.4 

(b) AV, = BV.AT =(75x10° K™)(108 cm*)(-0.892°C —[-10.0°C]) = +0.738 cm’. 

AV, = BV,AT =(1.2x10° K™)(108 cm*)(-0.892°C — 20.0°C) = -0.0271 cm°. The volume that overflows is 

0.738 cm? —(—0.0271 cm’) = 0.765 cm’. 


EVALUATE: The cylinder cools so its volume decreases. The ethanol warms, so its volume increases. The sum of 
the magnitudes of the two volume changes gives the volume that overflows. 

IDENTIFY and SETUP: Call the metals A and B. Use the data given to calculate œ for each metal. 

EXECUTE: AL=L,a@AT so a@=AL/(L,AT) 


T 


= —0.892°C. 


E gy a 8 a E T a 
L,AT (80.0 cm)(100 C°) 
neal Boae na Si a CT 


L,AT (30.0 cm)(100 C°) 
EVALUATE: Land AT are the same, so the rod that expands the most has the larger a. 


IDENTIFY and SET Up: Now consider the composite rod (Figure 17.87). Apply Eq.(17.6). The target variables are 
L, and Lz, the lengths of the metals A and B in the composite rod. 


La 30.0cm —Lya AT =100 C° 
7 AL =0.058 em 
Figure 17.87 


EXECUTE: AL=AL,+AL, =(a,L,+a,L,)AT 

ALIAT = aL, +a,(0.300 m- L,) 

_ ALIAT —(0.300 m)a, _ (0.058x 107 m/100 C°) — (0.300 m)(1.167 x 10°(C°)') 
ai- as 1.00x10° (C9)! 

L, =30.0 cm—L, =30.0 cm -23.0 m =7.0 cm 


EVALUATE: The expansion of the composite rod is similar to that of rod A, so the composite rod is mostly 
metal A. 
IDENTIFY: Apply AV =V,AT to the gasoline and to the volume of the tank. 


SETUP: For aluminum, 6 =7.2x10° K". 1L=10° m’. 


EXECUTE: (a) The lost volume, 2.6 L, is the difference between the expanded volume of the fuel and the tanks, 
and the maximum temperature difference is 


T- AV 7 (2.6x10° m°) 
(Baa -ao (95x10 (C9) -7.2x 10% (C2)')(106.0x 107 m°) 
The maximum temperature was 32°C. 


(b) No fuel can spill if the tanks are filled just before takeoff. 
EVALUATE: Both the volume of the gasoline and the capacity of the tanks increased when T increased. But 2 is 


L 


A 


=28 C°. 


larger for gasoline than for aluminum so the volume of the gasoline increased more. When the tanks have returned 
to 4.0°C on Sunday morning there is 2.6 L of air space in the tanks. 
IDENTIFY: The change in length due to heating is AL, = L,@AT and this need not equal AL. The change in 


EN. FL 
length due to the tension is AL, = ae Set AL = AL, +AL,. 


SETUP:  @,,., =2.0x10% (C2)1. yyy =1.5x10% (C2). Ypa =20x10 Pa. 


steel 


EXECUTE: (a) The change in length is due to the tension and heating . a F + aT. Solving for F/A, 
0 


~ AY 
ee en va 
A AD 
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(b) The brass bar is given as “heavy” and the wires are given as “fine,” so it may be assumed that the stress in the 
bar due to the fine wires does not affect the amount by which the bar expands due to the temperature increase. This 
means that AL is not zero, but is the amount @,,,,.l,A7 that the brass expands, and so 

F 
A 
EVALUATE: The length of the brass bar increases more than the length of the steel wires. The wires remain taut 
and are under tension when the temperature of the system is raised above 20°C. 

IDENTIFY: Apply the equation derived in part (a) of Problem 17.89 to the steel and aluminum sections. The sum 
of the AL values of the two sections must be zero. 


SET Up: For steel, Y =20x10"° Pa and œ =1.2x10° (C°)". For aluminum, Y =7.0x10'° Pa and 
a=2.4x10° (C°)". 
EXECUTE: In deriving Eq.(17.12), it was assumed that AL =0; if this is not the case when there are both thermal 


= Yoi (Oras — lagen AT = (20x10 Pa)(2.0 x10% (C2)! =1.2 x10 (C2)')(120 C°) = 1.92 x 108 Pa. 


. F mead x Gee asi 
and tensile stresses, Eq. (17.12) becomes AL = L, (ar + +) (See Problem 17.89.) For the situation in this 
problem, there are two length changes which must sum to zero, and so Eq.(17.12) may be extended to two 


materials a and b in the form L,, (a AT + a FL G AT + 5) =0. Note that in the above, AT, F and A are 


a b 


the same for the two rods. Solving for the stress F/A, tz Ahoy t Orlin 

A (Luu /¥,) + Lo /%)) 
F _ (1.2x10% (C2))(0.350 m) +(2.4x10° (C°)")(0.250 m) 
A ((0.350 m/20x10" Pa) + (0.250 m/7x10" Pa)) 


EVALUATE:  F’/ Ais negative and the stress is compressive. If the steel rod was considered alone and its length 


(60.0 C°) =-1.2x10* Pa. 


was held fixed, the stress would be —Y,..,@je7 =—1.4x10* Pa. For the aluminum rod alone the stress would be 


steel 


a AT =~—1.0x10° Pa. The stress for the combined rod is the average of these two values. 


tami aluminum 


(a) IDENTIFY and SET Up: The diameter of the ring undergoes linear expansion (increases with T) just like a 
solid steel disk of the same diameter as the hole in the ring. Heat the ring to make its diameter equal to 2.5020 in. 


AL 0.0020 in. 

EXECUTE: AL=aL,AT so AT = = - a T 7 
Lœ (2.5000 in.)(1.2 x10” (C°) ) 
T =T, +AT = 20.0°C + 66.7 C° =87°C 
(b) IDENTIFY and SET UP: Apply the linear expansion equation to the diameter of the brass shaft and to the 
diameter of the hole in the steel ring. 
EXECUTE: L=L,(1+aAT) 
Want L, (steel) = L, (brass) for the same AT for both materials: L, (1+ @ AT) = Lẹ (1+ &,AT) so 
Los + Los &, AT = Lop + Lop AT 

Low Los 2.5020 in. — 2.5000 in. 
Lo&, — Loa% (2.5000 in.)(1.2 x10°(C°)') — (2.5050 in.)(2.0x 10° (C°)') 

0.0020 
[= 25 z5 
3.00 x10” -5.00 x10 

T =T, + AT = 20.0°C —100 C° = -80°C 
EVALUATE: Both diameters decrease when the temperature is lowered but the diameter of the brass shaft 
decreases more since œ, > &,; |AL,|— IAZ] = 0.0020 in. 
IDENTIFY: Follow the derivation of Eq.(17.12). 
SETUP: For steel, the bulk modulus is B =1.6x10'' Pa and the volume expansion coefficient is 
B=3.0x10° K”. 
EXECUTE: (a) The change in volume due to the temperature increase is GV AT, and the change in volume due to 


= 66.7 C° 


AT = 


C°=-100 C° 


the pressure increase is -É dp. Setting the net change equal to zero, BVAT =V a, or Ap = BRAY. 


(b) From the above, Ap =(1.6x10" Pa)(3.0x10° K™)(15.0 K)=8.6x10" Pa. 
EVALUATE: Ap in part (b) is about 850 atm. A small temperature increase corresponds to a very large pressure 


increase. 
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IDENTIFY: Apply Eq.(11.14) to the volume increase of the liquid due to the pressure decrease. Eq.(17.8) gives 
the volume decrease of the cylinder and liquid when they are cooled. Can think of the liquid expanding when the 
pressure is reduced and then contracting to the new volume of the cylinder when the temperature is reduced. 
SET Up: Let J, and £,, be the coefficients of volume expansion for the liquid and for the metal. Let AT be the 
(negative) change in temperature when the system is cooled to the new temperature. 
EXECUTE: Change in volume of cylinder when cool: AV, = £,,V,AT (negative) 
Change in volume of liquid when cool: AV, = APAT (negative) 
The difference AV, = AV,, must be equal to the negative volume change due to the increase in pressure, which is 
—ApV,/B =—kApV,. Thus AV, -AV =—kApV,. 

kAp 
B z Bn 

8.50x10° Pa™')(50.0 atm)(1.013 x 10° Pa/1 at 
AT= ( x a es ae a a/ atm) _ 9.8 C° 

4.80x10~ K~ -3.90x10” K 

T =T, + AT =30.0°C -9.8 C° = 20.2°C. 
EVALUATE: A modest temperature change produces the same volume change as a large change in pressure; 
B> L for the liquid. 


IDENTIFY: Q, sem =0. Assume that the normal melting point of iron is above 745°C, so the iron initially is solid. 

SET Up: For water, c= 4190 J/kg-K and L, =2256x10° J/kg. For solid iron, c =470 J/kg- K. 

EXECUTE: The heat released when the iron slug cools to 100°C is 

Q =mcAT = (0.1000 kg)(470 J/kg -K)(645 K) =3.03x10* J. The heat absorbed when the temperature of the water 

is raised to 100°C is Q = mcAT = (0.0750 kg)(4190 J/kg -K)(80.0 K) = 2.51x10* J. This is less than the heat 

released from the iron and 3.03x10* J—2.51x10* J=5.20x10° J of heat is available for converting some of the 
5.20x10° J 

2256x10° J/kg 


AT =- 


liquid water at 100°C to vapor. The mass m of water that boils is m = =2.30x10° kg=2.3 g 


(a) The final temperature is 100°C. 

(b) There is 75.0 g—2.3 g=72.7 g of liquid water remaining, so the final mass of the iron and remaining water is 
172.7 g. 

EVALUATE: _ If we ignore the phase change of the water and write 

MironCiron(L — 745°C) + 1M aterCwater (T — 200°C) = 0, when we solve for T we will get a value larger than 100°C. That 
result is unphysical and tells us that some of the water changes phase. 

(a) IDENTIFY: Calculate K/Q. We don't know the mass m of the spacecraft, but it divides out of the ratio. 
SETUP: The kinetic energy is K =4mv’. The heat required to raise its temperature by 600 C° (but not to melt it) 
is O=mcAT. 

tmv? E v? (7700 m/s} -5 

mcAT 2cAT 2(910 J/kg -K)(600 C°) 

(b) EVALUATE: The heat generated when friction work (due to friction force exerted by the air) removes the 
kinetic energy of the spacecraft during reentry is very large, and could melt the spacecraft. Manned space vehicles 
must have heat shields made of very high melting temperature materials, and reentry must be made slowly. 
IDENTIFY: The rate at which thermal energy is being generated equals the rate at which the net torque due to the 
rope is doing work. The energy input associated with a temperature change is Q = mcAT. 

SET Up: The rate at which work is being done is P = ra. For iron, c =470 J/kg-K. 1 C°=1K 

EXECUTE: (a) The net torque that the rope exerts on the capstan, and hence the net torque that the capstan exerts 
on the rope, is the difference between the forces of the ends of the rope times the radius of the capstan. The capstan 


2 
is doing work on the rope at arate P = tØ = F ar A ORI 
.90 s 


two figures. A larger number of turns might increase the force, but for given forces, the torque is independent of 
the number of turns. 

AT t P 182 
(b) = g! =— = a =0.064 C°/s. 
t me me (6.00kg)(470 J/kg: K) 
EVALUATE: The rate of temperature rise is proportional to the difference in tension between the ends of the rope 
and to the rate at which the capstan is rotating. 


fo pe he 
EXECUTE: The ratio is = 


=182 W, or 180 W to 


= (520 N)(5.0x107 m) 


Temperature and Heat 17-19 


17.97. 


17.98. 


17.99. 


17.100. 


17.101. 


IDENTIFY and SET UP: To calculate Q, use Eq.(17.18) in the form dQ =nCdT and integrate, using C(T) given 
in the problem. C,, is obtained from Eq.(17.19) using the finite temperature range instead of an infinitesimal dT. 
EXECUTE: (a) dQ =mcdT 


Q=nf °C dT =nf * K(T°I® AT =(nl@)f ° T° dt = (nko (4T* |R) 


nk (1.50 mol)(1940 J/mol - K) 4 , 
ST ap je 40.0 K)* - (10.0 K)*) =83.6 J 
Q 10° > -T,) A281 KY (( y= ( )) 
iow a | eed }=186 J/mol -K 
n AT 1.50 mol( 40.0 K -10.0 K 


(c) C = k(t/®Y = (1940 J/mol -K)(40.0 K/281 KY = 5.60 J/mol- K 

EVALUATE: C is increasing with T, so C at the upper end of the temperature integral is larger than its average 
value over the interval. 

IDENTIFY: For a temperature change, Q = mcAT, and for the liquid — solid phase change, Q = —mL,. 


SETUP: The volume V, of the water determines its mass. m, = 0,V,,. For water, p, =1000 kg/m’, 


w w 


c =4190 J/kg-K and L, =334x10° J/kg. 
EXECUTE: Set the heat energy that flows into the water equal to the final gravitational potential energy. 
LiP Va +CyPyV,AT =mgh. Solving for h, and inserting numbers: 


5, _ 1000 kg/m°)(1.9x0.8x0.1 m°)[334x10° J/kg +(4190 J/kg-K)(37 C°) | 
(70 kg)(9.8 m/s?) 


h =1.08x10° m =108 km. 

EVALUATE: The heat associated with temperature and phase changes corresponds to a large amount of 
mechanical energy. 

IDENTIFY: Apply Q=mcAT to the air in the room. 


SET Up: The mass if air in the room is m = pV = (1.20 kg/m*)(3200 m°?) =3840 kg. 1 W =1 J/s. 
EXECUTE: (a) Q = (3000 s)(90 students)(100 J/s - student) = 2.70 x10’ J. 
Q 2.70107 J 


(b) Q=mcAT, AT == = 6.89 C° 
me (3840 kg)(1020 J/kg-K) 
(c) AT =(6.89 on x) =19.3 C°. 
100 W 


EVALUATE: Inthe absence of a cooling mechanism for the air, the air temperature would rise significantly. 


IDENTIFY: dQ=nCadT so for the temperature change T, >T,, Q= nf C(T)dT. 


SET UP: far =T and [rar =1T°. Express T, and T, in kelvins: T, =300 K, T, =500 K. 


EXECUTE: Denoting Cby C=a+bT, a and b independent of temperature, integration gives 
b 
Q= n( ac, -1) +303 -75 } 


Q = (3.00 mol)(29.5 J/mol- K)(500 K -300 K) +(4.10x10° J/mol-K*)((500 K)° - (300 K)°)). 

Q =1.97x10* J. 

EVALUATE: IfC is assumed to have the constant value 29.5 J/mol-K, then Q =1.77x10* J for this temperature 
change. At 7T, =300 K, C =32.0 J/mol-K andat T, =500 K, C =33.6 J/mol-K. The average value of C is 

32.8 J/mol-K, If C is assumed to be constant and to have this average value, then Q =2.02x10fJ, which is within 


3% of the correct value. 
IDENTIFY: Use Q=mL, to find the heat that goes into the ice to melt it. This amount of heat must be conducted 


through the walls of the box; Q= Ht. Assume the surfaces of the styrofoam have temperatures of 5.00°C and 21.0°C. 
SET Up: For water L, =334x10°J/kg. For Styrofoam k =0.01 W/m-K. One week is 6.048x10° s. The surface 
area of the box is 4(0.500 m)(0.800 m) + 2(0.500 m}? =2.10 m°. 

EXECUTE: Q=mL, =(25.0 kg)(334x10° J/kg) =8.016x10° J. H = kane, Q = Ht gives 

L= tkA(T; — T.) _ (6.048 10° s)(0.01 W/m-K)(2.10 m?)(21.0°C — 5.00°C) 


=2.5 
Q 8.016x10° J S 
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EVALUATE: We have assumed that the liquid water that is produced by melting the ice remains in thermal 
equilibrium with the ice so has a temperature of 0°C. The interior of the box and the ice are not in thermal 
equilibrium, since they have different temperatures. 
IDENTIFY: For a temperature change Q=mcAT. For the vapor — liquid phase transition, Q=—mL,. 
SET Up: For water, c= 4190 J/kg-K and L, =2256x10° J/kg. 
EXECUTE: The requirement that the heat supplied in each case is the same gives m,c,,AT, =m,(c, AT, +L,), 
where AT, = 42.0 K and AT, = 65.0 K. The ratio of the masses is 

m o cAT, (4190 J/kg: K)(42.0 K) 


m, c,AT,+L, (4190 J/kg-K)(65.0 K) +2256x10° J/kg 
so 0.0696 kg of steam supplies the same heat as 1.00 kg of water. 


=0.0696, 


EVALUATE: Note the heat capacity of water is used to find the heat lost by the condensed steam, since the phase 
transition produces liquid water at an initial temperature of 100°C. 
(a) IDENTIFY and SET Up: Assume that all the ice melts and that all the steam condenses. If we calculate a final 
temperature T that is outside the range 0°C to 100°C then we know that this assumption is incorrect. Calculate Q 
for each piece of the system and then set the total Osem = 0. 
EXECUTE: copper can (changes temperature form 0.0° to T; no phase change) 
Quan = MCAT = (0.446 kg)(390 J/kg: K)(T —0.0°C) = (173.9 J/K)T 
ice (melting phase change and then the water produced warms to T) 
Qe =+mL, +mcAT = (0.0950 kg)(334 x 10°J/kg) + (0.0950 kg)(4190 J/kg -K)(T -0.0°C) 
Qe =3.173x10* J + (398.0 J/K)T. 
steam (condenses to liquid and then water produced cools to T) 
Oveam = ML, + mcAT = -(0.0350 kg)(2256 x10? J/kg) + (0.0350 kg)(4190 J/kg -K)(T -100.0°C) 
Qoam = —7-896 x 10* J+ (146.6 J/K)T —1.466 x 10* J =-9.362 x10* J+(146.6J/K)T 
Osem =0 implies Qoan + Oce + O ieam z 0. 
(173.9 J/K)T +3.173x10* J + (398.0 J/K)T -9.362 x10* J + (146.6 J/K)T =0 
(718.5 J/K)T = 6.189 x10* J 
4 
Te 6.189x10° J -86.1°C 
718.5 J/K 
EVALUATE: This is between 0°C and 100°C so our assumptions about the phase changes being complete were 


correct. 
(b) No ice, no steam 0.0950 kg + 0.0350 kg = 0.130 kg of liquid water. 


IDENTIFY: The final amount of ice is less than the initial mass of water, so water remains and the final temperature 
is 0°C. The ice added warms to 0°C and heat comes out of water to convert it to ice. Conservation of energy says 
Q.+Q, =0, where Q, and Q, are the heat flows for the ice that is added and for the water that freezes. 


SET Up: Let mbe the mass of ice that is added and m, is the mass of water that freezes. The mass of ice 
increases by 0.328 kg, so m; +m, =0.328 kg. For water, L, =334x10° J/kg and for ice c; = 2100 J/kg-K. Heat 
comes out of the water when it freezes, so Q, =—mL, 
EXECUTE: Q,+Q, =0 gives mc,(15.0 C°)+(—m,L,)=0, m,, =0.328 kg—m,, so 

_ (0.328 kg)L, (0.328 kg)(334x10° J/kg) 


m;c;(15.0 C°) + (0.328 +m,)L, =0. m, ade oe —— = 0.300 kg. 
c,(15.0C°)+L, (2100 J/kg -K)(15.0 K) +334x10° J/kg 


0.300 kg of ice was added. 

EVALUATE: The mass of water that froze when the ice at -15.0°C was added was 

0.778 kg — 0.450 kg — 0.300 kg = 0.028 kg. 

IDENTIFY and SET Up: Heat comes out of the steam when it changes phase and heat goes into the water and 
causes its temperature to rise. Q «m =0. First determine what phases are present after the system has come to a 
uniform final temperature. 

(a) EXECUTE: Heat that must be removed from steam if all of it condenses is 

Q = -mL, =-(0.0400 kg)(2256 x10? J/kg) =—9.02 x10* J 

Heat absorbed by the water if it heats all the way to the boiling point of 100°C: 

Q =mcAT = (0.200 kg)(4190 J/kg -K)(50.0 C°) = 4.1910" J 

EVALUATE: The water can’t absorb enough heat for all the steam to condense. Steam is left and the final 
temperature then must be 100°C. 
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(b) EXECUTE: Mass of steam that condenses is m =Q/L, =4.19x10* J/2256x10° J/kg =0.0186 kg 

Thus there is 0.0400 kg — 0.0186 kg = 0.0214 kg of steam left. The amount of liquid water is 

0.0186 kg + 0.200 kg = 0.219 kg. 

IDENTIFY: Q stem = 

SETUP: The mass of the system increases by 0.525 kg — 0.490 kg = 0.035 kg, so the mass of the steam that 
condensed is 0.035 kg. 

EVALUATE: The heat lost by the steam as it condenses and cools is 

(0.035 kg)L, + (0.035 kg)(4190 J/kg-K)(29.0 K), and the heat gained by the original water and calorimeter 

is ((0.150 kg)(420 J/kg -K) + (0.340 kg)(4190 J/kg-K))(56.0 K) =8.33x10* J. Setting the heat lost equal to the 
heat gained and solving for L, gives 2.26x10° J/kg, or 2.3x10° J/kg to two figures (the mass of steam 
condensed is known to only two figures). 

EVALUATE: Q.,,,.,. =0 means the magnitude of the heat that flows out of the 0.035 kg of steam as it condenses 


and cools equals the heat that flows into the calorimeter and 0.340 kg of water as their temperature increases. To 
the accuracy of the calculation, our result agrees with the value of L, given in Table 17.4. 


IDENTIFY: Heat Q, comes out of the lead when it solidifies and the solid lead cools to T,. If mass m, of steam is 
produced, the final temperature is T, = 100°C and the heat that goes into the water is 
Q, =m,C,, (25.0 C°) +m L, 
The mass that remains is 1.250 kg + 0.5000 kg — m,. 
SETUP: For lead, L, =24.5x 10° J/kg, c, =130 J/kg-K and the normal melting point of lead is 327.3°C. For 
water, c, =4190 J/kg-K and L,„ =2256x10° J/kg. 
EXECUTE: Q,+0, =0. -m L; +mc,(—227.3 C°)+m,c, (25.0 C°)+m,L,,, =0. 
mL,, +myc,(+227.3 C°)—m,c, (25.0 C°) 

m, = ia : 
bes +(1.250 kg)(24.5 10° J/kg) + (1.250 kg)(130 J/kg -K)(227.3 K) — (0.5000 kg)(4190 J/kg -K)(25.0 K) 

È 2256x10° J/kg 
„m = L519 x10" J 

*  2256x10° J/kg 
EVALUATE: The magnitude of heat that comes out of the lead when it goes from liquid at 327.3°C to solid at 
100.0°C is 6.76x10* J. The heat that goes into the water to warm it to 100°C is 5.24x10* J. The additional heat 
that goes into the water, 6.76 x10* J-—5.24x10* J =1.52x10* J converts 0.0067 kg of water at 100°C to steam. 


w» Where m, =0.5000 kg. Conservation of energy says Q, +Q, =0. Solve for m,. 


= 0.0067 kg. The mass of water and lead that remains is 1.743 kg. 


IDENTIFY: Apply H = ka and solve for k. 
SET Up: H equals the power input required to maintain a constant interior temperature 
L 9x10 
EXECUTE: k =H——=(180 W) G? = 0“ m) 
AAT (2.18 m“)(65.0 K) 


EVALUATE: Our result is consistent with the values for insulating solids in Table 17.5. 


=5.0x10? W/m-K. 


IDENTIFY: Apply H =a 


SET Up: For the glass use L =12.45 cm, to account for the thermal resistance of the air films on either side of 
the glass. 

28.0 C° 
5.0x10° m+1.8x10° m 


EXECUTE: (a) H =(0.120 J/mol.K) (2.00 x0.95 m{ )- 93.9 W. 


(0.50)? 
(2.00 0.95) 
28.0 C° 
12.45x10? m 


(b) The heat flow through the wood part of the door is reduced by a factor of 1- = 0.868, so it 


becomes 81.5 W. The heat flow through the glass is H 


glass 


= (0.80 J/mol- K)(0.50 m)? ( )=450 W, 


nig 81.5+45.0_ 
and so the ratio is 939 1.35. 


EVALUATE: The single-pane window produces a significant increase in heat loss through the door. (See 
Problem 17.111). 
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IDENTIFY: Apply Eq.(17.23). 


AR, 


HR ; 
SETUP: Let A7Z = J L be the temperature difference across the wood and let AT, = be the temperature 


difference across the insulation. The temperature difference across the combination is AT = AT, + AT,. The 


effective thermal resistance R of the combination is defined by AT = =. 


: H H 
EXECUTE: AT =AT +AT, gives JA +R,)= Pa and R=R +R. 
EVALUATE: A good insulator has a large value of R. R for the combination is larger than the R for any one of the 
layers. 
IDENTIFY and SET UP: Use H written in terms of the thermal resistance R: H = AAT/R, where R = L/k and 
R=R +R, +... (additive). 
EXECUTE: single pane R, = Raass + Rm, Where Rim =0.15 m?-K/W is the combined thermal resistance of the 


air films on the room and outdoor surfaces of the window. 
R „~ = L/k =(4.2x107% m)/(0.80 W/m -K) = 0.00525 m?’ -K/W 


glass 


Thus R, =0.00525 m? -K/W +.15 m? -K/W =0.1553 m*-K/W. 


double pane Ry =2R,.. + Rair + Ram» Where Ry is the thermal resistance of the air space between the panes. 
R,,, = L/k =(7.0x10° m)/(0.024 W/m -K) = 0.2917 m° -K/W 

Thus R, =2(0.00525 m*-K/W)+0.2917 m*-K/W+0.15 m? -K/W =0.4522 m?-K/W 

H, = AAT/R,, H; = AAT/R,, so H,/H, = R,/R, (since A and AT are same for both) 

H,/H, = (0.4522 m*-K/W)/(0.1553 m? -K/W) =2.9 


EVALUATE: The heat loss is about a factor of 3 less for the double-pane window. The increase in R for a double- 
pane is due mostly to the thermal resistance of the air space between the panes. 


IDENTIFY: H= 


to each rod. Conservation of energy requires that the heat current through the copper 


equals the sum of the heat currents through the brass and the steel. 
SETUP: Denote the quantities for copper, brass and steel by 1, 2 and 3, respectively, and denote the temperature 
at the junction by 7). 


EXECUTE: (a) H,=H,+H,. Using Eq.(17.21) and dividing by the common area gives, 


k /L 
f (100°C -7,) = l n +É, Solving for T, gives T,= (4/L) 


L L, L (ki/L)+(k,/L,)+ (k, /L) 
numerical values gives T, = 78.4°C. 


(100°C). Substitution of 


(b) Using H = HaT for each rod, with AT, = 21.6 C°, AT, = AT, =78.4 C° gives H, =12.8 W, H, =9.50 W 
and H, =3.30 W. 

EVALUATE: In part (b), H, is seen to be the sum of H, and H,. 

(a) EXECUTE: Heat must be conducted from the water to cool it to 0°C and to cause the phase transition. The entire 


volume of water is not at the phase transition temperature, just the upper surface that is in contact with the ice sheet. 


(b) IDENTIFY: The heat that must leave the water in order for it to freeze must be conducted through the layer of 
ice that has already been formed. 


SET UP: Consider a section of ice that has area A. At time ż let the thickness be h. Consider a short time interval t 
to t+dt. Let the thickness that freezes in this time be dh. The mass of the section that freezes in the time interval 
dtis dm = pdV = pA dh. The heat that must be conducted away from this mass of water to freeze it is 


dQ =dmL, =(pAL,)dh. H =dQ/dt =kA(AT/h), so the heat dQ conducted in time dt throughout the thickness h 
that is already there is dQ = ka =e) dt. Solve for dh in terms of dt and integrate to get an expression relating 


hand t. 
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EXECUTE: Equate these expressions for dQ. 


pAL,dh =kA (=) dt 


hdh= a=) dt 
ply 
Integrate from ¢=0 to time t. At t=0 the thickness h is zero. 


[oh dh =T, -Te)pL, || at 


1p? = Gat), and h= 2k(Ty —To) 
pL, \ ply 


The thickness after time ¢ is proportional to Jt. 
W’pL, _ (0.25 m)*(920 kg/m’*)(334x 10° J/kg) 
2k(T, -—T.) 2(1.6 W/m - K)(0°C — (—10°C)) 


(c) The expression in part (b) gives t= =6.0x10° s 


t=170 h. 

(d) Find ¢ for h=40 m. tis proportional to h°, so t=(40 m/0.25 m)’ (6.00 x10% s)=1.5x10" s. This is about 
500 years. With our current climate this will not happen. 

EVALUATE: As the ice sheet gets thicker, the rate of heat conduction through it decreases. Part (d) shows that it 
takes a very long time for a moderately deep lake to totally freeze. 

IDENTIFY: Apply Eq.(17.22) at each end of the short element. In part (b) use the fact that the net heat current into 
the element provides the Q for the temperature increase, according to Q = mcAT. 

SETUP: dT/dxis the temperature gradient. 

EXECUTE: (a) H =(380 W/m- K)(2.50x10* m’)(140 C2/m) = 13.3 W. 


(b) Denoting the two ends of the element as 1 and 2, H, - H, = g = MESE where AE 0.250 C°/s. 
t t t 
Ha a =me{ 2} The mass mis PAAx, so we ape pe AP | 
dx |, i t dx |, dx |, k t 
4 3 —2 o 
ie -140 C°/m 4 (1.00 x10° kg/m*)(520 J/kg -K)(1.00 x10 m)(0.250 C°/s) -174 C°/m. 
dx |, 380 W/m-K 


EVALUATE: At steady-state temperature of the short element is no longer changing and H, = H,. 

IDENTIFY: The rate of heat conduction through the walls is 1.25 kW. Use the concept of thermal resistance and 
the fact that when insulating materials are in layers, the R values are additive. 

SET Up: The total area of the four walls is 2(3.50 m)(2.50 m) + 2(3.00 m)(2.50 m) =32.5 m° 


T, -Te A(T, ~Te) _ 32.5 m’)(17.0 K) 


EXECUTE: H = A—! ~ = 0.442 m*-K/W. For the wood, 
H 1.25x10° W 


gives R= 


_L_ 180x10° m 
“Y k 0.060 W/in-K 
~2 
R, _ In wous La Ls m 
ka R, 0.142 m“ -K/W 
EVALUATE: The thermal conductivity of the insulating material is larger than that of the wood, the thickness of 
the insulating material is less than that of the wood, and the thermal resistance of the wood is about three times that 
of the insulating material. 


IDENTIFY: 1r? = Lr;. Apply H = AeoT* (Eq.17.25) to the sun. 
SETUP: J, =1.50x10° W/m? when r=1.50x10"' m. 
EXECUTE: (a) The energy flux at the surface of the sun is 


1 2 
adm) =6.97 x10" W/m?. 
& x m 


= 0.300 m’-K/W. For the insulating material, R,, =R—R, =0.142 m?-K/W. 


=0.106 W/m-K. 


L = (1.50x10° win 


l = 5920 K. 


7 7 2 
(b) Solving Eq.(17.25) with e=1, r-|4 -| -| 697x10” W/m 


Ao 5.67x10* W/m? -K4 


EVALUATE: The total power output of the sun is P = 47r; I, =2.0x10"' W. 
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17.117. IDENTIFY and SETUP: Use Eq.(17.26) to find the net heat current into the can due to radiation. Use Q = Ht to find 
the heat that goes into the liquid helium, set this equal to mL and solve for the mass m of helium that changes phase. 
EXECUTE: Calculate the net rate of radiation of heat from the can. H „= Aeo(T* - T^). 


The surface area of the cylindrical can is 
A=2arh+2zr’. (See Figure 17.117.) 


Figure 17.117 


A=2ar(h+r) =27(0.045 m)(0.250 m + 0.045 m) = 0.08341 m°. 

H a = (0.08341 m7)(0.200)(5.67 x 10° W/m? - K*)((4.22 K)* —(77.3 K)*) 

H a =—0.0338 W (the minus sign says that the net heat current is into the can). The heat that is put into the can by 
radiation in one hour is Q = -(H,,,, )t = (0.0338 W)(3600 s) = 121.7 J. This heat boils a mass m of helium according 
Q 121.7) 

L, 2.09x10* J/kg 
EVALUATE: In the expression for the net heat current into the can the temperature of the surroundings is raised to 
the fourth power. The rate at which the helium boils away increases by about a factor of (293/77)* = 210 if the 


to the equation Q=mL,, so m= =5,.82x10° kg = 5.82 g. 


walls surrounding the can are at room temperature rather than at the temperature of the liquid nitrogen. 
17.118. IDENTIFY: The coefficient of volume expansion £ is defined by AV =V JAT. 


SETUP: For copper, 8 =5.1x10° K”. 
V AV AT 1 
EXECUTE: (a) With Ap=0, pAV =nRAT =2—AT, or ——-=——, and B=—. 
T V T T 
Bair = 1 = 5 =67 
Bopper (293 K)(5.1x10° K`) 


EVALUATE: The coefficient of volume expansion for air is much greater than that for copper. For a given AT, 


(b) 


gases expand much more than solids do. 
17.119. IDENTIFY: For the water, Q = mcAT. 


SET Up: For water, c= 4190 J/kg- K. 
mcAT 
t 


EXECUTE: (a) At steady state, the input power all goes into heating the water, so P == = and 
t 


Te Pt (1800 W)(60 s/min) 
cm (4190 J/kg- K)(0.500 kg/min) 
EVALUATE: (b) At steady state, the temperature of the apparatus is constant and the apparatus will neither 
remove heat from nor add heat to the water. 
17.120. IDENTIFY: For the air the heat input is related to the temperature change by Q = mcAT. 


=51.6K, and the output temperature is 18.0°C + 51.6°C = 69.6°C. 


SET Up: The rate P at which heat energy is generated is related to the rate P, at which food energy is consumed 
by the hamster by P=0.10P.. 
EXECUTE: (a) The heat generated by the hamster is the heat added to the box; 


p E = (1.20 kg/m°)(0.0500 m°)(1020 J/kg -K)(1.60 C°/h) =97.9 J/h. 
t t 


(b) Taking the efficiency into account, the mass M of seed that must be eaten in time t is 
0, 
M = P, = P/(10%) = 979 J/h 40.8 g/h. 
EL L 24 J/g 


c ic 


EVALUATE: This is about 1.5 ounces of seed consumed in one hour. 
17.121. IDENTIFY: Heat Q, goes into the ice when it warms to 0°C, melts, and the resulting water warms to the final 


temperature T,. Heat Q „ comes out of the ocean water when it cools to T,. Conservation of energy gives 
0,+0,, =0. 
SETUP: For ice, c, =2100 J/kg-K. For water, L; =334x10° J/kg and c, =4190 J/kg-K. Let m be the total 


mass of the water on the earth's surface. So m, =0.0175m and m,, =0.975m. 
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EXECUTE: @Q,+Q,, =0 gives mc (30 C°)+ mL, +me,T, +m,,C, (ZT; —5.00°C) =0. 
Te —m,c,(30 C°)—m,L, +m,,c,, (5.00 C°) 


ow Ww 
f 


(m, + Moy Cy 
r — 20.01 75m)(2100 J/kg: K)(30 K) ~ (0.0175m)(334x10° J/kg) + (0.975m)(4190 J/kg -K)(5.00 K) 
: (0.0175m +0.975m)(4190 J/kg -K) 


_ 1348x104 J/kg 
4.159x10° J/kg -K 


EVALUATE: The mass of ice in the icecaps is much less than the mass of the water in the oceans, but much more 
heat is required to change the phase of 1 kg of ice than to change the temperature of 1 kg of water 1 C°, so the 


iu = 3.24°C. The temperature decrease is 1.76 C°. 


lowering of the temperature of the oceans would be appreciable. 

IDENTIFY: Apply Eq.(17.21). For a spherical or cylindrical surface, the area A in Eq.(17.21) is not constant, and 
the material must be considered to consist of shells with thickness dr and a temperature difference between the 
inside and outside of the shell dT. The heat current will be a constant, and must be found by integrating a 
differential equation. 


SET Up: The surface area of a sphere is 477”. The surface area of the curved side of a cylinder is 277. 
In(l+¢)~é when ¢<l. 


(a) Equation (17.21) becomes H = Karr?) E or s a 
r m 


=k dT. Integrating both sides between the appropriate 


1 
b 


limits, = ( l ) =k(T,-T). In this case the “appropriate limits” have been chosen so that if the inner 
m\a 


temperature T, is at the higher temperature 7,, the heat flows outward; that is, aT < 0. Solving for the heat 


dr 
arane Hh n, 
= 


(b) The rate of change of temperature with radius is of the form aT _ Be 


d with B a constant. Integrating from 
r r 


r =a tor and from r =a tor =bgives T(r)-T, -a(+-+] and T -R, -a(4-2 | Using the second of these 
a r a 


r-a 
b-a 
forms. As a check, note that at r =a, T=T, andatr=b, T =T. 


to eliminate B and solving for T(r) gives T(r) =T, - (T, n| \2} There are, of course, many equivalent 
p 


(c) As in part (a), the expression for the heat current is H = karl) or 2 =kLdT, which integrates, with 
r ar 
the same condition on the limits, to Xhelo =kL(T,-T), or H = eat =), 
27 In(b/a) 
ech A 3 In(r/a) 
(d) A method similar to that used in part (b) gives T(r) =T, + (7 =), oj y 
n(b/a 


EVALUATE: (e) For the sphere: Let b—a=/, and approximate b~a, with a the common radius. Then the surface 


area of the sphere is A=4ra’, and the expression for H is that of Eq. (17.21) (with / instead of L, which has 


b l l 
another use in this problem). For the cylinder: with the same notation, consider nf )- n(1 J- ; 
a a) a 


where the approximation for ln(1 +€) for small ¢ has been used. The expression for H then reduces to 
k(2aLa)(AT/l), which is Eq. (17.21) with A=2zLa. 


IDENTIFY: From the result of Problem 17.122, the heat current through each of the jackets is related to the 
2alk 


In(b/a) 


temperature difference by H = 


AT, where / is the length of the cylinder and b and a are the inner and 


outer radii of the cylinder. 
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SET Up: Let the temperature across the cork be AT, and the temperature across the styrofoam be AT,, with 
similar notation for the thermal conductivities and heat currents. 
EXECUTE: (a) AT +AT, =AT = 125 C°. Setting H,=H,=H and canceling the common factors, 


Akk = Alh. Eliminating AT, and solving for AT, gives AT, = arts 
ln2 Inl.5 k 
values gives AT, =37 C°, and the temperature at the radius where the layers meet is 140°C -37°C =103°C. 
(b) Substitution of this value for AZ, into the above expression for H, =H gives 
H= 27(2.00 m)(0.0400 W/m-K) 
In 2 


-1 
) . Substitution of numerical 


2 Mm 


(37 C°) =27 W. 


27(2.00 m)(0.0100 W/m-K) 


EVALUATE: AT =103°C -15°C =88 C°. H, = In(6.00/4.00) 
n(o. . 


(88 C°) =27 W. This is the same 


as H,, as it should be. 


dT 
IDENTIFY: Apply Eq.(17.22) to different points along the rod, where T is the temperature gradient at each point. 
x 


SETUP: For copper, k =385 W/m-K. 

EXECUTE: (a) The initial temperature distribution, T = (100°C)sin zx/L, is shown in Figure 17.124a. 

(b) After a very long time, no heat will flow, and the entire rod will be at a uniform temperature which must be that 
of the ends, 0°C. 

(c) The temperature distribution at successively greater times 7, < T, <T, is sketched in Figure 17.124b. 


T 
(d) Z = (100°C) (z/L)coszx/L. At the ends, x =0 and x = L, the cosine is +1 and the temperature gradient is 
x 


+(100°C)(z/0.100 m) = +3.14x10° C°/m. 
(e) Taking the phrase “into the rod” to mean an absolute value, the heat current will be 
kag = (385.0 W/m- K) (1.00x10~* m’)(3.14x10° C°/m) =121 W. 


(f) Either by evaluating ar at the center of the rod, where 2x/L=2/2 and cos(z/ 2) =0, or by checking the 
figure in part (a), the temperature gradient is zero, and no heat flows through the center; this is consistent with the 
symmetry of the situation. There will not be any heat current at the center of the rod at any later time. 

(g) e 03 was) =1.1x10% m?/s. 

pe (8.9x10° kg/m’)(390 J/kg-K) 
(h) Although there is no net heat current, the temperature of the center of the rod is decreasing; by considering the 
heat current at points just to either side of the center, where there is a non-zero temperature gradient, there must be 
a net flow of heat out of the region around the center. Specifically, 


HG Aeon GAD = uf a 


OT 
= kA— Ax, from which the Heat 
(L/2)-Ax Ox 


Ot Ox 


(L/2)+Ax ox 
; ôT =k OT 
Equation, —-=—-—, 
ôt pc ox 


2 
is obtained. At the center of the rod, = =-(100 C°)( n/Ly, and so 
x 


T 2 
Z aao m?/s)(100 ozi -) =-10.9 C°/s, or —11C°/s to two figures. 
Gee oats 
10.9 C°/s 


2 
(j) Decrease (that is, become less negative), since as T decreases, = decreases. This is consistent with the 
x 

graphs, which correspond to equal time intervals. 
2 

(k) At the point halfway between the end and the center, at any given time oF is a factor of sin(z/ 4) = 1/ V2. less 
x 


than at the center, and so the initial rate of change of temperature is —7.71C°/s. 


Temperature and Heat 
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EVALUATE: A plot of temperature as a function of both position and time for 0 < ¢ < 50 s is shown in 
Figure 17.124c. 
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17.125. 


17.126. 


17.127. 


IDENTIFY: Apply the concept of thermal expansion. In part (b) the object can be treated as a simple pendulum. 
SETUP: For steel a =1.2x10~ (C°)". 1 yr = 86,400 s. 


EXECUTE: (a) In hot weather, the moment of inertia / and the length d in Eq.(13.39) will both increase by the 
same factor, and so the period will be longer and the clock will run slow (lose time). Similarly, the clock will run 
fast (gain time) in cold weather. 


(b) AL = QAT =(1.2%10" (C°) "(10.0 C°) =1.2x10*. 
0 


(c) See Problem 13.98. To avoid possible confusion, denote the pendulum period by z. For this 


roblem, At _1 AL _6x10°% so in one day the clock will gain (86,400 s)(6.0x10~) =5.2 s. 
P T 2L y, 8 


AT 
T 


= ` 2 gives AT =2[(1.2x10° (C°)')(86,400)] ' =1.9 C°. T must be controlled to 
„400 s 


(d) 


within 1.9 C°. 

EVALUATE: In part (d) the answer does not depend on the period of the pendulum. It depends only on the 
fractional change in the period. 

IDENTIFY: The rate at which heat is absorbed at the blackened end is the heat current in the rod, 


A 
“| =LaAT. 
T 


Aeo(Tt -T*) = x T, -T) where T = 20.00 K and T, is the temperature of the blackened end of the rod. 
s 2 Jmk 1 2 p 
L 


SET Up: Since the end is blackened, e=1. T, = 500.0 K. 
EXECUTE: Ifthe equation were to be solved exactly for T,, the equation would be a quartic, very likely not 
worth the trouble. Following the hint, approximate T, on the left side of the above expression as T, to obtain 


T, =T 4 = (T? - Tt) =T, + (6.79 x10"? K*)(T —T*) =T, +0.424 K =20.42 K. 


2 1 


EVALUATE: This approximation for T, is indeed only slightly than 7,, and is a good estimate of the temperature. 
Using this for T, in the original expression to find a better value of AT gives the same AT to eight figures, and 
further iterations are not worthwhile. 

IDENTIFY: The rate in (iv) is given by Eq.(17.26), with T =309 K and T, =320 K. The heat absorbed in the 


evaporation of water is Q = mL. 
m 
SETUP: m=pV, so F =p. 


EXECUTE: (a) The rates are: (i) 280 W, 

(ii) (54 J/h -C° -m?)(1.5 m*)(11 C°)/(3600 s/h) = 0.248 W, 

(iii) (1400 W/m7)(1.5 m°) = 2.10x10° W, 

(iv) (5.67 x10 W/m? -K*)(1.5 m’)((320 K)* — (309 K)*) =116 W. 

The total is 2.50 kW, with the largest portion due to radiation from the sun. 
Pi 2.50x10° W 

pL, (1000 kg/m*)(2.42 x10° J/kg-K) 

(c) Redoing the above calculations with e=0 and the decreased area gives a power of 945 W and a corresponding 

evaporation rate of 1.4 L/h. Wearing reflective clothing helps a good deal. Large areas of loose weave clothing 

also facilitate evaporation. 

EVALUATE: The radiant energy from the sun absorbed by the area covered by clothing is assumed to be zero, 


since e ~ 0 for the clothing and the clothing reflects almost all the radiant energy incident on it. For the same 
reason, the exposed skin area is the area used in Eq.(17.26). 


(b) =1.03x10° m’/s. This is equal to =3.72 L/h. 
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18.1. 


18.2. 


18.3. 


18.4. 


(a) IDENTIFY: We are asked about a single state of the system. 
SET Up: Use Eq.(18.2) to calculate the number of moles and then apply the ideal-gas equation. 
EXECUTE: n=—%= 2. kg =56.2 mol 
M  4.00x10” kg/mol 

(b) pV =nRT implies p=nRT/V 
T must be in kelvins; T =(18+273) K =291 K 

_ (56.2 mol)(8.3145 J/mol-K)(291 K) 
; 20.0x10° m° 
p =(6.80x10° Pa)(1.00 atm/1.013x10° Pa) = 67.1 atm 


EVALUATE: Example 18.1 shows that 1.0 mol of an ideal gas is about this volume at STP. Since there are 
56.2 moles the pressure is about 60 times greater than 1 atm. 
IDENTIFY: pV=nRT. 


SETUP: 7, =41.0°C=314K. R=0.08206 L-atm/mol-K. 


PV, _ PVs f 
T, 


2 


= 6.80x10° Pa 


V ; 
EXECUTE: n, R constant so a =nR is constant. 
1 


T, =T, B6 =(314 K)(2)(2) =1.256 x10° K =983°C . 
PAY, 
pV | (1.30 atm)(2.60 L) 
RT (0.08206 L-atm/mol - K)(314 K) 


EVALUATE: Tis directly proportional to p and to V, so when p and V are each doubled the Kelvin temperature 
increases by a factor of 4. 
IDENTIFY: pV=nRT. 


SET Up: Tis constant. 


b) n 


=0.131 mol. m,, =nM = (0.131 mol)(4.00 g/mol) = 0.524 g . 


0.110 m° 
EXECUTE: nRT is constant so pV, =p.V,. p, =p, fe (3.40 atm) Dee =0.959 atm . 
V, 0.390 m 


EVALUATE: For T constant, p decreases. 
IDENTIFY: pV =nRT. 


SETUP: T, =20.0°C=293K. 


R 
EXECUTE: (a)n, R, and V are constant. : = F = constant . T = Pe ; 


OR 


i 3.00 atm 
(b) p, =1.00 atm, V, =3.00 L. p, =3.00 atm .n, R, and T are constant so pV =nRT = constant. p,V, = p,V,. 
y, =V,| 2 |=68.00 pà am) -oo L. 
P, 3.00 atm 


EVALUATE: The final volume is one-third the initial volume. The initial and final pressures are the same, but the 
final temperature is one-third the initial temperature. 


T, -r(2)-09 ofa am) -977 K =-175°C. 
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18.5. 


18.6. 


18.7. 


18.8. 


18.9. 


IDENTIFY: pV=nRT 

SETUP: Assume a room size of 20 ftx 20 ftx10 ft. V = 4000 ft? =113 m°. Assume a temperature of 
T =20°C =293 K and a pressure of p=1.01x10° Pa. 1 m° =10° cm’. 

pV _ (1.01x10° Pa)(113 m°) 
RT (8.315 J/mol- K)(293 K) 
N =nN, =(4.68x10° mol)(6.022 x10” molecules/mol) =3 x10” molecules . 


N 3x10” molecules 
(b) —= 3 

V 113 m 
EVALUATE: The solution doesn't rely on the assumption that air is all N,. 


=4.68x10° mol. 


EXECUTE: (a) n= 


=3x10” molecules/m*? =3 x10" molecules/cm? 


IDENTIFY: pV =nRT and the mass of the gas is m,,,=nM . 
SET Up: The temperature is T =22.0°C = 295.15K. The average molar mass of air is M =28.8 x10” kg/mol . 
For helium M = 4.00 x10” kg/mol . 


oe 
EXECUTE: (a) m,,=nM = PY y _ (1.00 atm)(0.900 L)(28.8x10 kg/mol) _ 1.0710" ke 
RT (0.08206 L -atm/mol - K)(295.15 K) 
-3 
ER PY y _ (1.00 atm)(0.900 L)(4.00 x10™ kg/mol) _ 1.4910" kg. 
RT (0.08206 L -atm/mol - K)(295.15 K) 
EVALUATE: n= MPE says that in each case the balloon contains the same number of molecules. The mass 


N 


A 
is greater for air since the mass of one molecule is greater than for helium. 
IDENTIFY: We are asked to compare two states. Use the ideal gas law to obtain T, in terms of T, and ratios of 


pressures and volumes of the gas in the two states. 
SETUP: pV=nRT andn, R constant implies pV /T =nR=constant and p V/T = p,V,/T, 


EXECUTE: T =(27 +273) K=300K 
p, =1.01x10° Pa 


p, =2.72x10° Pa+1.01x10° Pa =2.82x10° Pa (in the ideal gas equation the pressures must be absolute, not 
gauge, pressures) 


6 3 
T,=T, Pa V, -300K ae Pa apao -776K 
DIY, 1.01x10° Pa )\ 499 cm 
T, = (776 — 273)°C = 503°C 


EVALUATE: The units cancel in the V,/V, volume ratio, so it was not necessary to convert the volumes in cm? 


to m°. It was essential, however, to use T in kelvins. 
IDENTIFY: pV =nRT and m=nM . 


SET Up: We must use absolute pressure in pV =nRT . p, =4.01x10° Pa, p, =2.81x10° Pa. T, =310K, 
T, =295K. 


_ pV, _ (4.01x10° Pa)(0.075 m°) 
© RT, (8.315 J/mol-K)(310 K) 
Dis PV _ (2.81x10° Pa)(0.075 m°) 

RT, (8.315 J/mol-K)(295 K) 
The mass that has leaked out is 374 g -275 g=99 g. 


EVALUATE: Inthe ideal gas law we must use absolute pressure, expressed in Pa, and T must be in kelvins. 
IDENTIFY: pV=nRT. 


SETUP: 7 =300K, 7,=430K. 


EXECUTE: (a)n =11.7 mol. m=nM =(11.7 mol)(32.0 g/mol) =374 g. 
1 


=8.59 mol. m=275 g. 


EXECUTE: (a)n, R are constant so ve 2 nR = constant . Ë i _ Pals : 
i ee 
0.750 m° ) 430 K 
p= p|2|| 2|=¢.50x10° pay) 28 ™ | 2 ]-336«10 Pa. 
alee 0.480 m° }( 300 K 


EVALUATE: In pV =nRT , T must be in kelvins, even if we use a ratio of temperatures. 
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18.10. 


18.11. 


18.12. 


18.13. 


18.14. 


18.15. 


IDENTIFY: Use the ideal-gas equation to calculate the number of moles, n. The mass m 
Mora = IM. 
SET Up: The volume of the cylinder is V = zr*/, where r = 0.450 mand /=1.50 m. T =22.0°C =293.15 K. 
1 atm =1.013x10° Pa. M =32.0x10~ kg/mol. R =8.314 J/mol-K. 

5 2 
EXECUTE: (a) pV=nRT gives n=2 =O Sime NOS (20 ™) _ 997 mol. 
(b) Moa =(827 mol)(32.0x10° kg/mol) = 26.5 kg 


EVALUATE: Inthe ideal-gas law, T must be in kelvins. Since we used R in units of J/mol-K we had to express p 


ı of the gas is 


total 


total 


in units of Pa and V in units of m°. 

IDENTIFY: Weare asked to compare two states. Use the ideal-gas law to obtain V, in terms of V, and the ratio of 
the temperatures in the two states. 

SETUP: pV=nRT andn, R, p are constant so V/T =nR/ p =constant and V,/T, =V,/T, 

EXECUTE: T =(19+273) K=292 K (T must be in kelvins) 

V, =V(T,/T,) = (0.600 L)(77.3 K/292 K) =0.159 L 

EVALUATE: pis constant so the ideal-gas equation says that a decrease in T means a decrease in V. 

IDENTIFY: Apply pV =nRT and the van der Waals equation (Eq. 18.7) to calculate p. 

SETUP: 400 cm’ =400x10% m’. R=8.314 J/mol-K. 

EXECUTE: (a) The ideal gas law gives p =nRT/V =7.28x10° Pa while Eq.(18.7) gives 5.87x10° Pa. 


(b) The van der Waals equation, which accounts for the attraction between molecules, gives a pressure that is 20% 
lower. 


(c) The ideal gas law gives p =7.28x10° Pa. Eq.(18.7) gives p=7.13x10° Pa, for a 2.1% difference. 
EVALUATE: (d) As n/V decreases, the formulas and the numerical values for the two equations approach each 


other. 
IDENTIFY: pV =nRT. 


SET Up: Tis constant. 
EXECUTE: 1, R, T are constant, so pV =nRT = constant. pV, = pV. 


V 6.00 L 
= — |=(1.00 atm =1.05 atm. 
Be of ( (Pe) 


EVALUATE: For constant 7, when V decreases, p increases. Since the volumes enter as a ratio we don't have to 


convert from L to m°. 
IDENTIFY: pV =nRT. 


SETUP: T =277 K. T,=296 K. Assume the number of moles of gas in the bubble remains constant. 


V V y, 
EXECUTE: (a)n, Rare constant so A =nR= constant. Pri _ Pala and 
1 2 


V, [p | T )_ (3.50 atm \/ 296 K 23.74 
V (pT 1.00 atm (277K) `` 
(b) This increase in volume of air in the lungs would be dangerous. 


EVALUATE: The large decrease in pressure results in a large increase in volume. 
IDENTIFY: Weare asked to compare two states. First use pV =nRT to calculate p,. Then use it to obtain T, in 


terms of 7, and the ratio of pressures in the two states. 
(a) SETUP: pV =nRT. Find the initial pressure p,: 
_ ART, _ (11.0 mol)(8.3145 J/mol - K)((23.0 + 273.13)K) _ 8.737x10° Pa 
V 3.10x10° m° 

SETUP: p, =100 atm(1.013x10° Pa/1 atm) =1.013x10” Pa 

p/T =nR/V =constant, so p,/T, = p,/T, 

1.013x10’ Pa 
8.737 x 10° Pa 


(b) EVALUATE: The coefficient of volume expansion for a gas is much larger than for a solid, so the expansion 
of the tank is negligible. 


EXECUTE: p 


EXECUTE: 7, =T, (>) =(296.15 | 


1 


= 343.4 K =70.2°C 
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18.16. 


18.17. 


18.18. 


18.19. 


18.20. 


IDENTIFY: F=pAand pV =nRT 

SET Up: Fora cube, V/A=L. 

EXECUTE: (a) The force of any side of the cube is F = pA =(nRT/V)A =(nRT)/L, since the ratio of area to 
volume is A/V =1/L. For T =20.0°C =293.15 K, 


_ nRT _ (3 mol) (8.3145 J/mol-K) (293.15 K) 


F = 3.66x10' N. 
L 0.200 m 
(b) For T =100.00°C = 373.15 K, 
pa PRT _ GB mol(8.3145 J/mol-K)B73.15 K) _ 4 6s 194 N. 


L 0.200 m 
EVALUATE: When the temperature increases while the volume is kept constant, the pressure increases and 
therefore the force increases. The force increases by the factor 7,/T.. 
IDENTIFY: Example 18.4 assumes a temperature of 0°C at all altitudes and neglects the variation of g with 
—Mgy / RT 


elevation. With these approximations, p = p,e 


SETUP: In(e*)=—x. For air, M =28.8x10° kg/mol. 
EXECUTE: We wanty for p=0.90p, so 0.90=e"'"" and y= -—In(0.90) =850 m. 
g 


EVALUATE: This is a commonly occurring elevation, so our calculation shows that 10% variations in 


atmospheric pressure occur at many locations. 
—Mgy / RT 


IDENTIFY: From Example 18.4, the pressure at elevation y above sea level is p = p,e 

SET Up: The average molar mass of air is M = 28.8x10° kg/mol. 

Mey, _ (28.8x10° kg/mol)(9.80 m/s*)(100 m) 
RT (8.3145 J/mol-K)(273.15 K) 

decrease in pressure is 1- p/p, =1—e °°" =0.0124 = 1.24%. At an altitude of 1000 m, Mgy,/RT = 0.1243 and 

the percent decrease in pressure is 1- e®™"® =0.117 =11.7%. 

EVALUATE: These answers differ by a factor of (11.7%)/(1.24%) = 9.44, which is less than 10 because the 

variation of pressure with altitude is exponential rather than linear. 

IDENTIFY: p= p,e*!*" from Example 18.4. Eq.(18.5) says p =(p/M)RT. Example 18.4 assumes a constant 


EXECUTE: At an altitude of 100 m, 


= 0.01243, and the percent 


T =273 K, so p and pare directly proportional and we can write p = pe”, 


SET Up: From Example 18.4, ae =1.10 when y =8863 m. 


EXECUTE: For y=100 m, Za =0.0124, so p = p,e ™™™” =0.988p,. The density at sea level is 1.2% larger 
than the density at 100 m. 
EVALUATE: The pressure decreases with altitude. pV = RT , so when the pressure decreases and T is 


constant the volume of a given mass of gas increases and the density decreases. 
IDENTIFY: p= p,e””'*" from Example 18.4 gives the variation of air pressure with altitude. The density p 


of the air is p= ae so pis proportional to the pressure p. Let p, be the density at the surface, where the 


pressure is pp. 
Mg _ (28.8x10° kg/mol)(9.80 m/s”) 


SETUP: From Example 18.4, = =1.244x10* m”. 
RT (8314 J/mol: K)(273 K) 
EXECUTE: p= p,e 410 miao ™ — 0 883p. a ies constant, so £ = and P=Pp (2) = 0.883). 
p RT P Po 0 


The density at an altitude of 1.00 km is 88.3% of its value at the surface. 
EVALUATE: Ifthe temperature is assumed to be constant, then the decrease in pressure with increase in altitude 
corresponds to a decrease in density. 
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18.21. 


18.22. 


18.23. 


18.24. 


18.25. 


IDENTIFY: Use Eq.(18.5) and solve for p. 
SETUP: p=pM/RT and p=RTp/M 


T =(-56.5+ 273.15) K =216.6 K 
For air M =28.8x10° kg/mol (Example 18.3) 

_ (8.3145 J/mol -K)(216.6 K)(0.364 kg/m’) 
á 28.8x10” kg/mol 


EVALUATE: The pressure is about one-fifth the pressure at sea-level. 
IDENTIFY: The molar mass is M = N,m , where m is the mass of one molecule. 


SETUP: N, =6.02x10” molecules/mol . 

EXECUTE: M =N,m = (6.02 x10” molecules/mol)(1.41 x10” kg/molecule) = 849 kg/mol. 

EVALUATE: Fora carbon atom, M =12x10~ kg/mol . If this molecule is mostly carbon, so the average mass of 
849 kg/mol 

12x10” kg/mol 


is related to the number of moles n by m 


EXECUTE: =2,28x10* Pa 


its atoms is the mass of carbon, the molecule would contain = 71,000 atoms . 


IDENTIFY: The mass m,, tot = 2M . Mass is related to volume by 


p=mlyV. 
SETUP: For gold, M =196.97 g/mol and p =19.3x10° kg/m’ . The volume of a sphere of radius r is V =4zr°. 
EXECUTE: (a) m,,, =nM =(3.00 mol)(196.97 g/mol) = 590.9 g. The value of this mass of gold is 
(590.9 g)($14.75/ g) = $8720. 
m 0.5909 k: 
b) Y=" = s 
p 19.3x10° kg/m 


4! (z ) [2% x10% m°] 


=3.06x10° m°. V =4zr° gives 


4r 


EVALUATE: The mass and volume are directly proportional to the number of moles. 
IDENTIFY: Use pV =nRT to calculate the number of moles and then the number of molecules would be 


N =nN,;. 

SETUP: 1latm=1.013x10° Pa. 1.00 cm’ =1.00x10° m°. N, =6.022x10” molecules/mol . 
en E A pV _ (9.00x10™ atm)(1.013 x10° Pa/atm)(1.00x10° m°) 

RT (8.314 J/mol : K)(300.0 K) 
N =nN, =(3.655x107* mol)(6.022 x10” molecules/mol) = 2.20 x10° molecules . 
N= ors so Mae constant and BG ae 
RT p RT Pi P 
1.00 atm 

9.00x107™" atm 
EVALUATE: The number of molecules in a given volume is directly proportional to the pressure. Even at the very 


1/3 
) =0.0194 m =1.94 cm. The diameter is 2r =3.88 cm. 


=3.655x107" mol. 


N, =N, (2) =(2.20x10° molecules)( 


1 


=2.44x10'" molecules . 


low pressure in part (a) the number of molecules in 1.00 cm’ is very large. 
IDENTIFY: We are asked about a single state of the system. 

SETUP: Use the ideal-gas law. Write n in terms of the number of molecules N. 
(a) EXECUTE: pV=nRT, n=N/N, so pV =(N/N,)RT 


7 k | 8.3145 J/mol-K 


= 7 Jaso K) =8.28x107” Pa 
1x10° m 6.022 x10~ molecules/mol 
p=8.2x10" atm. This is much lower than the laboratory pressure of 1x107 atm in Exercise 18.24. 


(b) EVALUATE: The Lagoon Nebula is a very rarefied low pressure gas. The gas would exert very little force on 
an object passing through it. 
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18.26. IDENTIFY: pV =nRT = NkT 
SETUP: AtSTP, T=273K, p=1.01x10° Pa. N=6x10° molecules. 
9 -23 
Erici: V= NkT 7 (6x10 leet ew. J/molecule - K)(273 K) = 24x10" m°. 
p 1.01x10° Pa 
L =V so Lev’ =6.1x10% m. 
EVALUATE: This is a small cube. 
18.27. IDENTIFY: n= -= a 
M N, 
SETUP: N, =6.022x10” molecules/mol. For water, M =18x10° kg/mol . 
EXECUTE:. n= = =L kg =55.6 mol. 
M 18x10~ kg/mol 
N =nN, =(55.6 mol)(6.022 x10” molecules/mol) =3.35x10” molecules . 
EVALUATE: Note that we converted M to kg/mol. 
18.28. IDENTIFY: Use pV =nRT and n= 2 with N =1 to calculate the volume V occupied by 1 molecule. The length 
A 
Lof the side of the cube with volume V is given by V =F. 
SETUP: 7 =27°C=300K. p=1.00 atm=1.013x10° Pa. R=8.314J/mol-K. N, =6.022x10” molecules/mol. 
The diameter of a typical molecule is about 10°’ m. 0.3 nm =0.3x10° m. 
EXECUTE: (a) pV =nRT and n= ae gives 
N; 
y-MPT_ COOS J/mol - K)(300 K) -409x10 % m?. 1=V"° =3.45x10° m. 
N,p  (6.022x10™ molecules/mol)(1.013 x10° Pa) 
(b) The distance in part (a) is about 10 times the diameter of a typical molecule. 
(c) The spacing is about 10 times the spacing of atoms in solids. 
EVALUATE: There is space between molecules in a gas whereas in a solid the atoms are closely packed together. 
18.29. (a) IDENTIFY and SET UP: Use the density and the mass of 5.00 mol to calculate the volume. p =m/V implies 
V =m/ p, where m=m,,,, the mass of 5.00 mol of water. 
EXECUTE: m,,, ="M =(5.00 mol)(18.0x10° kg/mol) = 0.0900 kg 
Then pa = 0.0900 kB _ 990x107 m? 
p 1000 kg/m 
(b) One mole contains N, = 6.022 x10” molecules, so the volume occupied by one molecule is 
.00 x10 m*/mol 
a = se =2.989x10~ m*/molecule 
(5.00 mol)(6.022 x107 molecules/mol) 
V =a’, where a is the length of each side of the cube occupied by a molecule. a° =2.989x10 m’, so 
a=3.1x10° m. 
(c) EVALUATE: Atoms and molecules are on the order of 10°” m in diameter, in agreement with the above 
estimates. 
18.30. IDENTIFY: K,, =3kT. Vms = pe ‘ 
j M 


SETUP: M. =20.180 g/mol, M,, =83.80 g/mol and M,, = 222 g/mol. 


EXECUTE: (a) K,,=3kT depends only on the temperature so it is the same for each species of atom in the 


mixture. 
(b) Vims,Ne = Mk - 83.80 g/mol = 2 04 Vims,Ne = Mpa = 222 g/mol = 
Vinge My, \20.18 g/mol Vanes \Mye \ 20.18 g/mol 


V ims,Kr T Ma, _ 222 g/mol =1.63 
Ves Ra Mpk: 83.80 g/mol ` 


EVALUATE: The average kinetic energies are the same. The gas atoms with smaller mass have larger vn- 
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18.31. 


18.32. 


18.33. 


18.34. 


18.35. 


3RT 
IDENTIFY and SETUP: v s = Ta 


EXECUTE: (a) vis different for the two different isotopes, so the 235 isotope diffuses more rapidly. 


b) Vims.235 M3s Z 0.352 kg/mol -1.004. 
Vims,238 M435 0.349 kg/mol 


EVALUATE: The v,,,, values each depend on T but their ratio is independent of T. 


IDENTIFY and SET UP: With the multiplicity of each score denoted by n,, the average score is ( Jens and 


1 
150 
i 1/2 
the rms score is (len | 
150 


EXECUTE: (a) 54.6 

(b) 61.1 

EVALUATE: The rms score is higher than the average score since the rms calculation gives more weight to the 
higher scores. 


N 
IDENTIFY: pV =nRT =——RT = RT. 
N M 


A 


SET Up: We known that V, =V, and that T, >7,. 
EXECUTE: (a) p=nRT/V ; we don’t know n for each box, so either pressure could be higher. 


(b) pV = [Jer so N=? = , where N, is Avogadro’s number. We don’t know how the pressures compare, 


A 
so either N could be larger. 
(c) pV = (Mo /M)RT . We don’t know the mass of the gas in each box, so they could contain the same gas or 
different gases. 
(d) tm(v? ie =ikT. T, >T, and the average kinetic energy per molecule depends only on T, so the statement 
must be true. 
(€) Vins =4/3kT/m . We don’t know anything about the masses of the atoms of the gas in each box, so either set of 
molecules could have a larger vns- 


EVALUATE: Only statement (d) must be true. We need more information in order to determine whether the other 
statements are true or false. 
IDENTIFY: Use pV =nRT to solve for V. 


SETUP: Use R=0.08206 L-atm/mol-K. T =273.15K. 
nRT _ (1.00 mol)(0.08206 L -atm/mol -K)(273.15 K) 
1.00 atm 
y, = k atm 
92 atm 
EVALUATE: For constant T, the volume of 1.00 mol is inversely proportional to the pressure. 


3kT 
IDENTIFY: v, =,= 
m 


SeT UP: The mass of a deuteron is m =m, +m, =1.673 x 10” kg+1.675x10” kg=3.35x10” kg. 
c=3.00x10° m/s. k =1.381x10” J/molecule -K . 
3(1.381x10” J/molecule -K)(300 x10° K) 


EXECUTE: (a) V = =22.4L 


(b) pV =nRT = constant, so pV, =p. V, -(2 J24 L)=0.243 L. 


2 


=1,93x10° m/s. “™* =6.43x10°. 


EXECUTE: (a) v,,, = j 


3.35x10” kg c 
-27 
b) T =| Z |v = ae ale kg (3.0107 m/s)? =7.3x10" K. 
3k i 3(1.381x10~ J/molecule - K) 


EVALUATE: Even at very high temperatures and for this light nucleus, v,,,, is a small fraction of the speed of 
light. 
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3RT 
18.36. IDENTIFY: V, = | , where 7 is in kelvins. pV =nRT gives ARa, 
i M V RT 


SETUP: R=8.314 J/mol-K. M =44.0x10° kg/mol. 
3(8.314 J/mol : K)(273.15 K) 
44.0 x10” kg/mol 
T =-100.0°C =173 K , v,,, =313 m/s . The range of speeds is 393 m/s to 313 m/s. 

n 650 Pa 
V (8.314 J/mol- K)(273.15 K) 


The range of densities is 0.286 mol/m° to 0.452 mol/m’. 
EVALUATE: When the temperature decreases the rms speed decreases and the density increases. 
18.37. IDENTIFY and SETUP: Apply the analysis of Section 18.3. 


EXECUTE: (a) 4m(v’),, =34T =3(1.38x10~ J/molecule -K)(300 K) =6.21x107' J 

M 320x10” kg/mol 

N, 6.022x10” molecules/mol 
_ 2(6.21x107' J) _ 2(6.21x10™' J) 

a m 5.314x10 kg 


= 393 m/s. For 


EXECUTE: (a) For T =0.0°C =273.15 K, v,,, -| 


(b) For T =273.15K, 


= 0.286 mol/m° . For T =173.15 K , s= 0.452 mol/m’° . 


(b) We need the mass m of one atom: m = =5.314x10° kg/molecule 


Then 4m(v’),, =6.21x10~! J (from part (a)) gives (v’) =2.34x10° m?/s’ 


(©) Ving = (V7) mng = V2.34 x10? m?/s? = 484 m/s 

(d) p=mv,,, =(5.314x 10° kg)(484 m/s) =2.57x10~ kg -m/s 

0.20m 0.20m 
v,, 484 m/s 

In a collision ¥ changes direction, so Ap =2mv,,, = 2(2.57 x10” kg-m/s) =5.14x 10 kg- m/s 

F-P o F- Ap _ 5.14x10” kg -m/s 

dt YO At 4.13x10% s 

(£) pressure = F / A =1.24x10™ N/(0.10 m)? =1.24x10" Pa (due to one atom) 

(g) pressure =1 atm =1.013x10° Pa 

Number of atoms needed is 1.013 x10% Pa/(1.24x10" Pa/atom) =8.17 x10”! atoms 

pV (1.013 x10° Pa)(0.10 my 

TO (1.381x10” J/molecule - K)(300 K) 

(i) From the factor of + in (v7),, =40 w. 

EVALUATE: This Exercise shows that the pressure exerted by a gas arises from collisions of the molecules of the 


gas with the walls. 
18.38. IDENTIFY: Apply Eq.(18.22) and calculate / 


SETUP: 1atm=1.013x10° Pa, so p=3.55x10° Pa. r=2.0x10"° m and k =1.38x10 J/K . 

a) aE a (1.38x10” J/K)(300 K) 
4rJ2r?p  4nV2(2.0x10 m)?(3.55 x10 Pa) 

EVALUATE: At this very low pressure the mean free path is very large. If v = 484 m/s, as in Example 18.8, then 


=4.13x10" s 


(e) Time between collisions with one wall is t = 


=1.24x10" N 


(h) pV =NkT (Eq.18.18), so N = =2.45x10” atoms 


EXECUTE: 4 =1.5x10° m 


mean 


eee 2 = 330s. Collisions are infrequent. 
v 


18.39. IDENTIFY and SETUP: Use equal v,,, to relate T and M for the two gases. v „ =V3RT/M (Eq.18.19), so 
v? /3R=T/M, where T must be in kelvins. Same v, 
Ty, /My, =Ty,/Mu,- 


so same T/M for the two gases and 


S 


EXECUTE: Ty, =T, 


M 
EEN =((20 +273) K) 28.014 g/mol -=4.071x10° K 
My, 2.016 g/mol 


Ty, = (4071-273)°C = 3800°C 


EVALUATE: A N, molecule has more mass so N, gas must be at a higher temperature to have the same Vms- 
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18.40. 


18.41. 


18.42. 


18.43. 


18.44. 


18.45. 


3kT 
IDENTIFY: v,,, = ,/——— - 
m 


SETUP: k=1.381x10” J/molecule-K. 

3(1.381x10™ J/molecule - K)(300 K) 

3.00x10™™ kg 

EVALUATE: (b) No. The rms speed depends on the average kinetic energy of the particles. At this 7, H> 
molecules would have larger v,; than the typical air molecules but would have the same average kinetic energy 
and the average kinetic energy of the smoke particles would be the same. 
IDENTIFY: Use Eq.(18.24), applied to a finite temperature change. 
SETUP: C, =5R/2 for a diatomic ideal gas and C, =3R/2 for a monatomic ideal gas. 


EXECUTE: (a) Q=nC,AT =n(3R) AT 

Q =(2.5 mol)(5)(8.3145 J/mol - K)(30.0 K) =1560 J 
(b) Q=nC,AT =n(3R) AT 

Q =(2.5 mol)(4)(8.3145 J/mol -K)(30.0 K) =935 J 


EVALUATE: More heat is required for the diatomic gas; not all the heat that goes into the gas appears as 
translational kinetic energy, some goes into energy of the internal motion of the molecules (rotations). 
IDENTIFY: The heat Q added is related to the temperature increase AT by Q=nC,AT. 


SETUP: For H,, C,,, =20.42 J/mol-K and for Ne (a monatomic gas), C, ye =12.47 J/mol- K. 


EXECUTE: (a) v = =6.44x10° m/s =6.44 mm/s 


rms 


EXECUTE: C,AT = g = constant , so Cy y, ATu, = Cy yeATne- 
n 


C k 
AT,, =| |an, = (2e mK aso C°) =4.09 C°, 
Cy Ne ? \ 12.47 J/mol-K 


EVALUATE: The same amount of heat causes a smaller temperature increase for H, since some of the energy 
input goes into the internal degrees of freedom. 


IDENTIFY: C =Mc , where C is the molar heat capacity and c is the specific heat capacity. pV =nRT = ae 3 


SETUP: My, =2(14.007 g/mol) = 28.014x10° kg/mol . For water, c, = 4190 J/kg-K . For N,, 
C, = 20.76 J/mol-K. 


EXECUTE: (a) cy = See iene =741 J/kg-K. Cw =5.65; c, is over five time larger. 
> M 28.014x10~ kg/mol Cy, 
(b) To warm the water, Q = mc AT = (1.00 kg)(4190 J/mol-K)(10.0 K) = 4.19x10* J. For air, 
4.19x10* RT .65 kg)(8.314 1-K)(293 K 
ps as 9x10* J 2565 kg -2 - (5.65 28. J/mo KAE) -485 m°. 
c, AT (741 J/kg: K)(10.0 K) Mp (28.014x10” kg/mol)(1.013x10° Pa) 


EVALUATE: cis smaller for N, , so less heat is needed for 1.0 kg of N, than for 1.0 kg of water. 
(a) IDENTIFY and SETUP: +R contribution to C, for each degree of freedom. The molar heat capacity C is 
related to the specific heat capacity c by C= Mc. 
EXECUTE: C,= 6(4R) =3R =3(8.3145 J/mol-K) = 24.9 J/mol-K. The specific heat capacity is 
c, =C,/M = (24.9 J/mol- K)/(18.0x10° kg/mol) = 1380 J/kg -K. 
(b) For water vapor the specific heat capacity is c = 2000 J/kg-K. The molar heat capacity is 
C = Mc = (18.0 x10° kg/mol)(2000 J/kg -K) = 36.0 J/mol - K. 
EVALUATE: The difference is 36.0 J/mol- K —24.9 J/mol-K =11.1 J/mol-K, which is about 2.7 ($R); the 
vibrational degrees of freedom make a significant contribution. 
IDENTIFY: C, =3R gives C, in units of J/mol-K. The atomic mass M gives the mass of one mole. 
SETUP: For aluminum, M = 26.982x10° kg/mol. 

24.9 J/mol-K 
26.982 10° kg/mol 
(b) Table 17.3 gives 910 J/kg-K. The value from Eq.(18.28) is too large by about 1.4%. 


EVALUATE: As shown in Figure 18.21 in the textbook, Cp approaches the value 3R as the temperature increases. 
The values in Table 17.3 are at room temperature and therefore are somewhat smaller than 3R. 


EXECUTE: (a) C, =3R=24.9 J/mol-K . c, = =923 J/kg-K. 
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18.46. IDENTIFY: Table 18.2 gives the value of v/v,,, for which 94.7% of the molecules have a smaller value of v/v,,,, . 


[3RT 
Vv. =,/—— - 
rms M 


SETUP: For N,, M =28.0x10° kg/mol. v/v,,, =1.60. 
EXECUTE: vn = GNE per, so the temperature is 
-© 1.60 M 
ties Mv? —— (28.0x10”° kg/mol) 
3(1.60)° R  3(1.60)° (8.3145 J/mol - K) 
(a) T =(4.385x10* K :s?°/m’°)(1500 m/s)? =987 K 
(b) T =(4.385x10“K - s?°/m?°)(1000 m/s)? = 438 K 
(© T =(4.385x10~* K-s?/m’)(500 m/s)? =110 K. 
EVALUATE: As T decreases the distribution of molecular speeds shifts to lower values. 
18.47. IDENTIFY and SETUP: Make the substitution e = tmy? in Eq.(18.32). 


ii 3/2 2€ 8x a 3/2 
EXECUTE: f(v)=4r eT = ) eo. 
2nkT } m m \ 2akT 


EVALUATE: The shape of the distribution of molecular speeds versus the temperature is a function only of the 
kinetic energy of the molecules. 


v? =(4.385 x10 K-s?/m’)v’. 


3/2 
18.48. IDENTIFY and SETUP: Eq.(18.33): ro={ Z ) ee "T 


m \ 2nkT 
df 
At the maximum of f(e) —=0. 
3/2 
EXECUTE: Been, d (ee) =0 
e m\2zkTj de 


This requires that Lee) =0. 
€ 


eT _(e/kT)e*"" =0 

(l—e/kT)e“"" =0 

This requires that 1—€/kT =0 so €=kT, as was to be shown. And then since «=4mv’, this gives FMV ing =kT 
and v,,, = W2kT/m, which is Eq.(18.34). 

EVALUATE: Vms = oe The average of v’ weights larger v. 


18.49. IDENTIFY: Apply Eqs.(18.34) (18.35) and (18.36). 


RIN R 
SET Up: Note that Rae BIN —.M =44.0x10° kg/mol . 
m MIN, M 


EXECUTE: (a) V, = 208.3145 J/mol - K)(300 K)/(44.0x 10° kg/mol) = 3.37 x10" m/s. 
(b) v, = [808.3145 J/mol-K)(300 K) /(x(44.0x10° kg/mol)) =3.80x10° m/s. 


(©) Ving = (3(8.3145 J/mol - K)(300 K)/(44.0x 10% kg/mol) = 4.12 x10? m/s. 
EVALUATE: The average speed is greater than the most probable speed and the rms speed is greater than the 
average speed. 
18.50. IDENTIFY and SET UP: Ifthe temperature at altitude y is below the freezing point only cirrus clouds can form. 
Use T =T,—ay to find the y that gives T =0.0°C. 
T-T _15.0°C -0.0°C 
á a 6.0 C°/km 
EVALUATE: The solid-liquid phase transition occurs at 0°C only for p=1.01x10° Pa. Use the results of 


EXECUTE: =2.5 km 


Example 18.4 to estimate the pressure at an altitude of 2.5 km. 
= Mg(y2—y,)/ RT 
PP. = Pe 
Mg(y, —y,)/ RT =1.10(2500 m/8863 m) = 0.310 (using the calculation in Example 18.4) 
Then p, =(1.01x10° Paje™" =0.74x10° Pa. 
This pressure is well above the triple point pressure for water. Figure 18.21 shows that the fusion curve has large 


slope and it takes a large change in pressure to change the phase transition temperature very much. Using 0.0°C 
introduces little error. 
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18.51. 


18.52. 


18.53. 


18.54. 


18.55. 


18.56. 


IDENTIFY: Refer to the phase diagram in Figure 18.24 in the textbook. 

SET Up: For water the triple-point pressure is 610 Pa and the critical-point pressure is 2.21210’ Pa. 
EXECUTE: (a) To observe a solid to liquid (melting) phase transition the pressure must be greater than the triple- 
point pressure, so p, =610 Pa. For p< p, the solid to vapor (sublimation) phase transition is observed. 

(b) No liquid to vapor (boiling) phase transition is observed if the pressure is greater than the critical-point pressure. 
p, =2.212x10' Pa. For p, < p< p, the sequence of phase transitions are solid to liquid and then liquid to vapor. 
EVALUATE: Normal atmospheric pressure is approximately 1.0x10° Pa, so the solid to liquid to vapor sequence 
of phase transitions is normally observed when the material is water. 

IDENTIFY: Refer to Figure 18.24 in the textbook. 

SET Up: The triple-point temperature for water is 273.16 K =0.01°C. 

EXECUTE: The temperature is less than the triple-point temperature so the solid and vapor phases are in 
equilibrium. The box contains ice and water vapor but no liquid water. 

EVALUATE: The fusion curve terminates at the triple point. 

IDENTIFY: Figure 18.24 in the textbook shows that there is no liquid phase below the triple point pressure. 

SET Up: Table 18.3 gives the triple point pressure to be 610 Pa for water and 5.17x10° Pa for CO. 

EXECUTE: The atmospheric pressure is below the triple point pressure of water, and there can be no liquid water 
on Mars. The same holds true for CO). 

EVALUATE: On earth p,,,,=110° Pa, so on the surface of the earth there can be liquid water but not liquid CO). 
IDENTIFY: AV = VAT —V,kAp 

SETUP: For steel, 8 =3.6x10° Kand k =6.25x10°" Pa. 

EXECUTE: VAT =(3.6x10° K™)(11.0 L)(21 C°) =0.0083 L. 

—kV,Ap = (6.25 x107? /Pa)(11 L) (2.1x10’ Pa) = -0.0014 L . The total change in volume is 

AV =0.0083 L -0.0014 L = 0.0069 L. 


(b) Yes; AV is much less than the original volume of 11.0 L. 

EVALUATE: Even for a large pressure increase and a modest temperature increase, the magnitude of the volume 
change due to the temperature increase is much larger than that due to the pressure increase. 

IDENTIFY: We are asked to compare two states. Use the ideal-gas law to obtain m in terms of m, and the ratio of 
pressures in the two states. Apply Eq.(18.4) to the initial state to calculate m. 

SETUP: pV=nRT canbe written pV =(m/M)RT 


T, V, M, R are all constant, so p/m = RT / MV = constant. 

So p,/m, = p,/m,, where m is the mass of the gas in the tank. 

EXECUTE: p, =1.30x10° Pa +1.01x10° Pa =1.40x10° Pa 

p, =2.50x10° Pa+1.01x10° Pa=3.51x10° Pa 

m, = pVM/RT; V =hA=har’ =(1.00 m)z(0.060 m)* =0.01131 m° 
_ (1.40 10° Pa)(0.01131 m’)(44.1x10° kg/mol) 


i =0.2845 kg 
(8.3145 J/mol: K)(22.0 + 273.15) K) 
3.51x10° P 
Then m, =m,| 2 leoa ko] ee P )_ 9.0713 kg, 
; 1.40 10° Pa) 


m, is the mass that remains in the tank. The mass that has been used is 

m, —m, = 0.2848 kg — 0.0713 kg = 0.213 kg. 

EVALUATE: Note that we have to use absolute pressures. The absolute pressure decreases by a factor of four and 
the mass of gas in the tank decreases by a factor of four. 

IDENTIFY: Apply pV =nRT to the air inside the diving bell. The pressure p at depth y below the surface of the 
water iS p = Pum + PRY - 

SETUP: p=1.013x10° Pa. T =300.15 K at the surface and 7’ = 280.15 K at the depth of 13.0 m. 


EXECUTE: (a) The height A’ of the air column in the diving bell at this depth will be proportional to the volume, 
and hence inversely proportional to the pressure and proportional to the Kelvin temperature: 


eht ah Pam dae 
PT Pam + pgy T 


h' =(2.30 m) 


(1.013x10° Pa) 280.15 K 
=0.26m 
(1.013 x10°Pa) + (1030 kg/m*)(9.80 m/s)(73.0 m) | 300.15 K 

The height of the water inside the diving bell is h—h'=2.04m. 
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18.57. 


18.58. 


18.59. 


18.60. 


(b) The necessary gauge pressure is the term pgy from the above calculation, P auge = 7.37 x 10° Pa.. 
EVALUATE: The gauge pressure required in part (b) is about 7 atm. 
IDENTIFY: pV = NKT gives AMRA : 
FRF 

SETUP: latm=1.013x10° Pa. 7, =T, +273.15. k =1.381x10~ J/molecule -K . 
EXECUTE: (a) T, =T, -273.15 =94 K -273.15 = -179°C 
N p (1.5 atm)(1.013 x105 Pa/atm) 

V kT (1381x10” J/molecule-K)(94 K) 
(c) For the earth, p =1.0 atm =1.013x10° Pa and T =22°C =295 K. 
N (1.0 atm)(1.013 x10° Pa/atm) 

V (1.381x10™ J/molecule -K)(295 K) 


denser than earth's atmosphere. 

EVALUATE: Though it is smaller than Earth and has weaker gravity at its surface, Titan can maintain a dense 
atmosphere because of the very low temperature of that atmosphere. 

IDENTIFY: For constant temperature, the variation of pressure with altitude is calculated in Example 18.4 to be 


-Mo 3RT 
P= Pere. Vang Se 


SETUP: Spann =9-80 m/s? . T = 460°C = 733 K . M =44.0 g/mol = 44.0x10° kg/mol . 

Mey _ (44.0107 kg/mol)(0.894)(9.80 m/s”)(1.00x 10° m) 

RT (8.314 J/mol-K)(733 K) 

p = pe '™ =(92 atmje °°’ = 86 atm. The pressure is 86 Earth-atmospheres, or 0.94 Venus-atmospheres. 

Coe pa he Ss J/mol -K)(733 K) 
i M 44.0x10° kg/mol 


of 1.00 km. 
EVALUATE: v,,,, depends only on T and the molar mass of the gas. For Venus compared to earth, the surface 


=1.2x10* molecules/m?’ 


(b) 


=2.5x10” molecules/m’. The atmosphere of Titan is about five times 


= 0.06326. 


EXECUTE: (a) 


= 645 m/s. v,,,, has this value both at the surface and at an altitude 


temperature, in kelvins, is nearly a factor of three larger and the molecular mass of the gas in the atmosphere is 
only about 50% larger, so v,» for the Venus atmosphere is larger than it is for the Earth's atmosphere. 


IDENTIFY: pV =nRT 
SET Up: In pV =nRT we must use the absolute pressure. T, =278 K . p, =2.72 atm. T, =318 K. 


EXECUTE: n, R constant, so ze =nkR = constant . Py = aS and 
1 2 
V \T 0.0150 m° GE 4 . 
= p | — || = | = (2.72 atm =2.94 atm . The final gauge pressure is 
a EE) i ee 278 K FREST 


2.94 atm —1.02 atm =1.92 atm. 

EVALUATE: Since a ratio is used, pressure can be expressed in atm. But absolute pressures must be used. The 
ratio of gauge pressures is not equal to the ratio of absolute pressures. 

IDENTIFY: In part (a), apply pV =nRT to the ethane in the flask. The volume is constant once the stopcock is in 


place. In part (b) apply pV = aC 


RT to the ethane at its final temperature and pressure. 


SETUP: 1.50 L=1.50x10° m°. M =30.1x10° kg/mol . Neglect the thermal expansion of the flask. 
EXECUTE: (a) p, = p,(T,/T,) =(1.013x10* Pa)(300 K/380 K) =8.00x10* Pa. 


PV |y- (8.00 x10* Pa)(1.50x107 m°) 
RT, (8.3145 J/mol: K)(300 K) 


(b) m,,, -( Joo.a0° kg/mol) =1.45 g. 


with p=1.013x10° Pa and T =380 K , and we would obtain the same 
result. Originally, before the system was warmed, the mass of ethane in the flask was 


1.013%10° Pa 
=(1.45 g)| = Ja1.84 g. 
a af 8.00%10" Pa ) $ 


EVALUATE: We could also calculate m 


tot 
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18.61. 


18.62. 


(a) IDENTIFY: Consider the gas in one cylinder. Calculate the volume to which this volume of gas expands when 
the pressure is decreased from (1.20x10° Pa+1.01x10° Pa) =1.30x10° Pa to 1.01x10° Pa. Apply the ideal-gas 
law to the two states of the system to obtain an expression for V, in terms of V, and the ratio of the pressures in the 
two states. 

SETUP: pV=nRT 

n, R, T constant implies pV =nRT =constant, so pV, = p,V,. 

1.30x10° Pa 
1.01x10° Pa 


The number of cylinders required to fill a 750 m° balloon is 750 m? /24.46 m° =30.7 cylinders. 


EXECUTE: V,=V,(p,/ p,)=(1.90 m| |- 24.46 m? 


EVALUATE: The ratio of the volume of the balloon to the volume of a cylinder is about 400. Fewer cylinders than 
this are required because of the large factor by which the gas is compressed in the cylinders. 

(b) IDENTIFY: The upward force on the balloon is given by Archimedes’ principle (Chapter 14): B = weight of 
air displaced by balloon = p,,Vg. Apply Newton’s 2nd law to the balloon and solve for the weight of the load that 
can be supported. Use the ideal-gas equation to find the mass of the gas in the balloon. 

SETUP: The free-body diagram for the balloon is given in Figure 18.61. 


Megas is the mass of the gas that is inside 
the balloon; m; is the mass of the load 
that is supported by the balloon 


EXECUTE: J F, =ma, 


Moas £ B T m, & = mM, = 0 


mg 
Figure 18.61 

Pai ZME -Mag =0 

M, = Pah — Myss 

the mass of hydrogen that occupies 750 m° at 15°C and p=1.01x10° Pa. 

/M)RT gives 


Calculate m, 


as’ 


pV =nRT =(m 


gas 


(1.01x10° Pa)(750 m*)(2.02 x10 kg/mol) 


M, = PVM / RT = 
(8.3145 J/mol - K)(288 K) 


=63.9 kg 


Then m, =(1.23 kg/m?)(750 m?) — 63.9 kg =859 kg, and the weight that can be supported is 

w, =m, g =(859 kg)(9.80 m/s?) =8420 N. 

(©) m, = Pah — Mys 

M, = PVM / RT =(63.9 kg)((4.00 g/mol)/(2.02 g/mol)) =126.5 kg (using the results of part (b)). 

Then m, = (1.23 kg/m*)(750 m°) -126.5 kg =796 kg. 

w, =m, g = (796 kg)(9.80 m/s”) = 7800 N. 

EVALUATE: A greater weight can be supported when hydrogen is used because its density is less. 

IDENTIFY: The upward force exerted by the gas on the piston must equal the piston's weight. Use pV =nRT to 


calculate the volume of the gas, and from this the height of the column of gas in the cylinder. 
SETUP: F = pA= par’, with r=0.100 mand p=1.00 atm =1.013x10° Pa. For the cylinder, V = ær°h . 


prr? _(1.013x10° Pa)z(0.100 m)? 


EXECUTE: (a) par’? =mg and m= 
ep d 9.80 m/s? 


=325 kg. 


-2 3 
nRT (1.80 mol)(8.31 set K)(293.15 K) =493x102 m?. h= a _ 4.33x10 = 
1.013x10° Pa mr (0.100 m) 
EVALUATE: The calculation assumes a vacuum (p =0) in the tank above the piston. 


(b) V= =1.38 m. 
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18.63. IDENTIFY: Apply Bernoulli’s equation to relate the efflux speed of water out the hose to the height of water in 
the tank and the pressure of the air above the water in the tank. Use the ideal-gas equation to relate the volume of 
the air in the tank to the pressure of the air. 

(a) SETUP: Points | and 2 are shown in Figure 18.63. 


p, =4.20x10° Pa 
P> = Py, =1.0010° Pa 
large tank implies v, ~0 


h = 3.50 m 


Figure 18.63 


EXECUTE: p,+pgy,t++pv, =p. + psy, +4 pv; 
2 PV: = Pi- Pa + P8- Yo) 

v, = 4(2/ PXP,- P) + 28(, — 2) 

v, = 26.2 m/s 

(b) 4=3.00 m 


The volume of the air in the tank increases so its pressure decreases. pV =nRT = constant, so pV = pV, (py is 


the pressure for h, =3.50 m and p is the pressure for h =3.00 m) 
p(4.00 m—/A)A = p, (4.00 m—h,)A 


p= po a mate) = (4.20%10 rafta m -3.50 210x105 a 
4.00 m—-h 4.00 m—3.00 m 


Repeat the calculation of part (a), but now p, =2.10x10° Pa and y, =3.00 m. 


v, = y(2/p)(p, -= py) +28(%, - 2) 


v, = 16.1 m/s 

h=2.00 m 

3 =p( a mah) 420x10 pa( m-—3.50 ™) -1.05x10 ” 
4.00 m-h 4.00 m -2.00 m 

v, = /(2/ PXP, - pa) + 289,- V2) 

v, =5.44 m/s 


(c) v, =0 means (2/p)X(p, - p,)+2g(¥, — y,) =0 
Pi- Pa =—P8(%,- Yo) 
Yı = yı =h—1.00 m 


0.50 m 0.50 m AT 
p= Ae e) =(4.20x10° pa( ooo) This is p,, so 


0.50 m 
4.00 m-h 
(210/(4.00 — h)) -100 = 9.80 — 9.80}, with h in meters. 
210 = (4.00 —/)(109.8 —9.80h) 
9.80h* -149h + 229.2 =0 and h? —15.20h + 23.39 =0 


quadratic formula: h = 4{15.20 È Ja5.20} = 4(23.39) ) =(7.60 +5.86) m 


(4.20x10° Pa )-1.00 x10% Pa =(9.80 m/s?)(1000 kg/m*)(1.00 m — h) 


h must be less than 4.00 m, so the only acceptable value is h = 7.60 m—5.86 m =1.74 m 
EVALUATE: The flow stops when p+ pg(y,—y,) equals air pressure. For h=1.74 m, p=9.3x10* Pa and 
p2(v,—y>) =0.7x10* Pa, so p+ pg(y, —y,) =1.0x10° Pa, which is air pressure. 
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18.64. 


18.65. 


18.66. 


18.67. 


IDENTIFY: Use the ideal gas law to find the number of moles of air taken in with each breath and from this 
calculate the number of oxygen molecules taken in. Then find the pressure at an elevation of 2000 m and repeat the 
calculation. 


SET Up: The number of molecules in a mole is N, = 6.022 x10” molecules/mol. R =0.08206 L-atm/mol-K . 

Example 18.4 shows that the pressure variation with altitude y, when constant temperature is assumed, is 

p=pe'"" . For air, M =28.8x10° kg/mol . 

pV _ (1.00 atm)(0.50 L) 

RT (0.08206 L-atm/mol-K)(293.15 K) 

N =(0.210)nN, =(0.210)(0.0208 mol)(6.022 x10” molecules/mol) = 2.63 x10” molecules . 

Mgy _ (28.8x10° kg/mol)(9.80 m/s*)(2000 m) 

RT (8.314 J/mol-K)(293.15 K) 

N is proportional to n, which is in turn proportional to p, so 
_ (0.793 atm 
. [ 1.00 atm 


(c) Less O, is taken in with each breath at the higher altitude, so the person must take more breaths per minute. 


= 0.0208 mol . 


EXECUTE: (a) pV =nRT gives n= 


(b) =0.2316. p=pe'*" =(1.00 atme°”*”* = 0.793 atm . 


Jess x10?! molecules) = 2.09 x107' molecules . 


EVALUATE: A given volume of gas contains fewer molecules when the pressure is lowered and the temperature 
is kept constant. 

IDENTIFY and SET UP: Apply Eq.(18.2) to find n and then use Avogadro’s number to find the number of molecules. 
EXECUTE: Calculate the number of water molecules N. 

Mo _ 50 kg 


M  18.0x10° kg/mol 
N =nN, =(2.778x10° mol)(6.022 x10” molecules/mol) =1.7 x10” molecules 


Each water molecule has three atoms, so the number of atoms is 3(1.7 x107) =5.1x107” atoms 


=2.778x10° mol 


Number of moles: n = 


EVALUATE: We could also use the masses in Example 18.5 to find the mass m of one H,O molecule: 


m=2.99x10™ kg. Then N =m „/m=1.7x10” molecules, which checks. 


tot 


N p : ; 5 
IDENTIFY: pV =nRT =—— RT. Deviations will be noticeable when the volume V of a molecule is on the order 
A 
of 1% of the volume of gas that contains one molecule. 


SET Up: The volume ofa sphere of radius r is V = far . 


RT 


A 


EXECUTE: The volume of gas per molecule is , and the volume of a molecule is about 


Vi = $n(2.0 x107'°m)’ =3.4x10 m°. Denoting the ratio of these volumes as f, 


RT 8.3145 J/mol-K)(300 K 
pP=f a o / X ) = (1.2x10° Pa) f. 
N,V, ` (6.023x10” molecules/mol)(3.4x10~ m°) 


“Noticeable deviations” is a subjective term, but f'on the order of 1.0% gives a pressure of 10° Pa. 
EVALUATE: The forces between molecules also cause deviations from ideal-gas behavior. 
IDENTIFY: Eq.(18.16) says that the average translational kinetic energy of each molecule is equal to $47 . 


[3kT 
Vims Aen A 
m 


SETUP: k =1.381x10 J/molecule-K . 
EXECUTE: (a) +m(v°)„ depends only on T and both gases have the same 7, so both molecules have the same 


-1/2 


average translational kinetic energy. v,,,1s proportional to m~“ , so the lighter molecules, A, have the greater vs- 


(b) The temperature of gas B would need to be raised. 


-26 
c) | =m constant, so 24 =F2 yp =| Me |p, =| 534%10 Ke | (993 15 Ky =4.53x10° K=4250°C. 
B A 27 
m 3k mM, Ms, mM, 3.34x10" kg 


(d) T, >T,so the B molecules have greater translational kinetic energy per molecule. 


av 2 


3kT s ; 
EVALUATE: In 4m(v*),, =$4T and vs =,|/—— the temperature T must be in kelvins. 
m 
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18.68. 


18.69. 


18.70. 


18.71. 


IDENTIFY: The equations derived in the subsection Collisions between Molecules in Section 18.3 can be applied 
to the bees. The average distance a bee travels between collisions is the mean free path, 2 . The average time 


TOTEE ; a . dN 1 
between collisions is the mean free time, tasan . The number of collisions per second is ie =. 


> “mean t 
mean 


SETUP: V =(1.25 m} =1.95 m°. r=0.750x107 m. v=1.10 m/s. N =2500. 
AER: 1.95 m° 
4nJ2r°>N 42/2(0.750x107 m)?’(2500) 
(i) tae seo EO T 
v 1.10 m/s 
dN 1 1 


dt t 0709s 


mean 


EXECUTE: (a) A= = 0.780 m=78.0 cm 


=1.41 collisions/s 


EVALUATE: The calculation is valid only if the motion of each bee is random. 

IDENTIFY: Apply the iteration procedure that is described in the problem. 

SETUP: Let x=n/V . T =400.15K. 

EXECUTE: (a) Dividing both sides of Eq.(18.7) by the product RTV gives the result. 

(b) The algorithm described is best implemented on a programmable calculator or computer; for a calculator, the 
numerical procedure is an iteration of 


„| 980x109) (0.448) 
~ | (8.3145)(400.15)  (8.3145)(400.15) 


x? | [1-(4.29x10*)x ]. 


Starting at x=0 gives a fixed point at x =3.03x10° after four iterations. The number density is 
3.03 x 10° mol/m’. 


(c) The ideal-gas equation is the result after the first iteration, 295 mol/ m’. 

EVALUATE: The van der Waals density is larger. The term corresponding to a represents the attraction of the 
molecules, and hence more molecules will be in a given volume for a given pressure. 

IDENTIFY: Calculate v,„ and use conservation of energy to relate the initial speed of the molecules (v,,,,) to the 
maximum height they reach. 

SETUP: T =298.15K. M =28.0x10° kg/mol . 


3RT _ [3(8.314 J/mol-K)(298.15 K) 
M 28.0x10° kg/mol 


EXECUTE: Vins -4 =515 m/s . Conservation of energy gives 


i vže _ (515 m/s} 


l my? = mgy and y= = =1.02x10° m=102 km 
2M ms = MEY ANA — e T.30 m/s?) 


EVALUATE: The result does not depend on the amount of gas in the canister. 
IDENTIFY: The mass of one molecule is the molar mass, M, divided by the number of molecules in a mole, N, . 


The average translational kinetic energy of a single molecule is 4m(v’) =ikT . Use pV = NKT to calculate N, 

the number of molecules. 

SETUP: k =1.381x10 J/molecule-K . M =28.0x10° kg/mol. T =295.15 K . The volume of the balloon is 

V =47(0.250 mý = 0.0654 m°. p =1.25 atm =1.27x10° Pa. 

M ____28.0x10% kg/mol 

N, 6.022x10” molecules/mol 

(b) mv’) „ =2kT =2(1.381x10” J/molecule -K)(295.15 K) =6.11x10' J 

zp (1.27 x10° Pa)(0.0654 m°) =F Gag molecules 
kT (1.381x10™ J/molecule -K)(295.15 K) 

(d) The total average translational kinetic energy is 

N(Sm(”),,) = (2.04 x10 molecules)(6.11x10™ J/molecule) =1.25x10* J. 

N _ 2.04x10™ molecules 

N,  6.022x10” molecules/mol 


K,, =4nRT =3(3.39 mol)(8.314 J/mol-K)(295.15 K) =1.25x10* J , which agrees with our results in part (d). 


2 


EXECUTE: (a) m= =4.65x10 kg 


© N 


EVALUATE: The number of moles is n = =3.39 mol. 
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18.72. 


18.73. 


18.74. 


IDENTIFY: U =mgy . The mass of one molecule is m=M/N,. K,, =34kT . 
SET Up: Let y =Oat the surface of the earth and h =400 m. M, =6.023 x10” molecules/mol and 
k =1.38x10™ J/K . 15.0°C = 288 K . 

28.0x10”° kg/mol 
6.023 x10” molecules/mol 


EXECUTE: (a) U =mgh= = gh -( Joso m/s?)(400 m) =1.82x10 J. 
A 


3\1.38x103 J/K 


EVALUATE: (c) The average kinetic energy at 15.0°C is much larger than the increase in gravitational potential 
energy, So it is energetically possible for a molecule to rise to this height. But Example 18.8 shows that the mean 
free path will be very much less than this and a molecule will undergo many collisions as it rises. These numerous 
collisions transfer kinetic energy between molecules and make it highly unlikely that a given molecule can have 
very much of its translational kinetic energy converted to gravitational potential energy. 

IDENTIFY and SET Up: At equilibrium F(r)=0. The work done to increase the separation from r, to œ is 


U(œ)-U(r,). 
(a) EXECUTE: U(r) =U,|(R,/r)” —2(R,/r)° | 


-22 
(b) Setting U=SKT, r=2{ ees J-ss0 K. 


Eq.(13.26): F(r) =12(U,/R,)| (R,/r)® -(R,/r) |. The graphs are given in Figure 18.73. 
U F 


Figure 18.73 
(b) equilibrium requires F =0; occurs at point 7,. 7, is where U is a minimum (stable equilibrium). 
(©) U =0 implies [(R,/r)” —2(R,/r)° ]=0 
(r/R) =1/2 and 7, =R,/(2)'"° 
F =0 implies | (R,/r)" -(R,/r)’ |=0 
(7,/R,)° =1 and r, =R, 
Then 7 /r, =(R,/2"°)/R, =2""° 
(d) Winer = AU 
At r+, U=0, so W =-U(R,)=-U,|(R,/R,)? -2(R,/R,) ]=+U, 
EVALUATE: The answer to part (d), U,, is the depth of the potential well shown in the graph of U(r). 
IDENTIFY: Use pV =nRT to calculate the number of moles, n. Then K,, =3nRT . The mass of the gas, m,,, , is 
given by Moa =nM . 
SETUP: 5.00 L=5.00x10° m° 
pV _ (1.01x10° Pa)(5.00 x10° m°) 
RT (8.314 J/mol-K)(300 K) 
K,, =}(0.2025 mol)(8.314 J/mol-K)(300 K) =758 J. 
(b) m =2M =(0.2025 mol)(2.016x10° kg/mol) = 4.08 x10~ kg. The kinetic energy due to the speed of the jet 


is K =4mv’ =4(4.08x10~ kg)(300.0 m/s)? =18.4 J . The total kinetic energy is 


2 


EXECUTE: (a) n= = 0.2025 moles . 


Š _ K 18.4 
K a =K +K, =18.4 J+ 758 J=776 J . The percentage increase is Pa == «100% =2.37% . 


tot 


(c) No. The temperature is associated with the random translational motion, and that hasn't changed. 
EVALUATE: Eq.(18.13) gives K, =+pV =3(1.01x10° Pa)(5.00x 10° m*) = 758 J , which agrees with our result 


in part (a). Ving = a =1.93x10° m/s. v,,, is a lot larger than the speed of the jet, so the percentage increase in 


the total kinetic energy, calculated in part (b), is small. 
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18.75. 


18.76. 


18.77. 


IDENTIFY and SETUP: Apply Eq.(18.19) for v The equation preceeding Eq.(18.12) relates vn 
EXECUTE: (a) v,,,=V3RT/M 


, _ [83145 J/mol -K)G00 K) 
AF 28.0x10° kg/mol 


b) (12), =4(07),, 80 Jv), =(1/V3) 40), = (1/3) Vin =(1/V3)(517 m/s) = 298 m/s 


EVALUATE: The speed of sound is approximately equal to (v,) 


and (V,) uns: 


s 


=517 m/s 


since it is the motion along the direction of 


rms 


propagation of the wave that transmits the wave. 


3kT 
IDENTIFY: — v,,, = ,/—— 
m 


SETUP: M =1.99x10" kg, R=6.96x10° mand G=6.673x10'' N-m’/kg”. 
-23 
EXECUTE: (a) Vin = au - pe J/K) (5800 K) =1.20x10* m/s. 
\ m 


(1.67x10” kg) 
=i] 2 2 30 
jee p - pes N-m?/kg?) (1.99x10°k8) 6 18x105 ak 


(6.96x10° m) 
EVALUATE: (c) The escape speed is about 50 times the rms speed, and any of Figure 18.23 in the textbook, 
Eq.(18.32) or Table (18.2) will indicate that there is a negligibly small fraction of molecules with the escape speed. 
(a) IDENTIFY and SET UP: Apply conservation of energy K, +U, + Wyner =K, +U, where U =-Gmm,/r. Let 
point 1 be at the surface of the planet, where the projectile is launched, and let point 2 be far from the earth. Just 
barely escapes says v, =0. 
=0. 
U, =-Gmm,/R,; n >œ so U,=0; v,=0 so K, =0. 


EXECUTE: Only gravity does work says 


other 


The conservation of energy equation becomes K,—Gmm,/R, =0 and K, =Gmm,/R,. 

But g= Gm,/R, so Gm,/R, =R,g and K,=mgR,, as was to be shown. 

EVALUATE: The greater gR, is the more initial kinetic energy is required for escape. 

(b) IDENTIFY and SET Up: Set K, from part (a) equal to the average kinetic energy of a molecule as given by 
Eq.(18.16). +m(v’) 


a =mgR, (from part (a)). But also, +m(v’),, =2kT, so mgR, =4kT 


2mgR 
EXECUTE: T= mey 
3k 


nitrogen 

my, = (28.0x10™ kg/mol)/(6.022 x10” molecules/mol) = 4.65 x10™ kg/molecule 

p 2M8R, _ 2(4.65x10% kg/molecule)(9.80 m/s?)(6.38x10° m) 
3k 3(1.381x10” J/molecule - K) 

hydrogen 

my, = (2.02x10° kg/mol)/(6.022 x10” molecules/mol) = 3.354x10 ° kg/molecule 

ee 2mgR, _ 2(3.354x 10°’ kg/molecule)(9.80 m/s’)(6.38 x10° m) 
3k 3(1.381x10~* J/molecule- K) 

2mgk, 

3k 


=1.40x10° K 


=1.01x10* K 


(c) T= 


nitrogen 
ao 2(4.65x10™ kg/molecule)(1.63 m/s”)(1.74 x10° m) 


on =6730K 
3(1.381x10~ J/molecule - K) 
hydrogen 
27 2 6 
T= 2(3.354x10~" kg/molecule)(1.63 m/s*)(1.74x10° m) -459K 


3(1.381x10” J/molecule - K) 
(d) EVALUATE: The “escape temperatures” are much less for the moon than for the earth. For the moon a larger 
fraction of the molecules at a given temperature will have speeds in the Maxwell-Boltzmann distribution larger 
than the escape speed. After the long time most of the molecules will have escaped from the moon. 
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18.78. IDENTIFY: Vms = ae 
M 


SETUP: M, =2.02x 10° kg/mol. Mo, =32.0x 10° kg/mol . For Earth, M =5.97x10™ kg and 


R=6.38x10° m. For Jupiter, M =1.90x107 kg and R=6.91x10’ m. Fora sphere, M = pV = par . The 


i 2GM 
escape speed is v, = ,/——. 


escape R 


EXECUTE: (a) Jupiter: V, = 3(8.3145J/mol-K)(140K)/(2.02 x10% kg/mol) =1.31x10° m/s . 
Vaa = 6.06% 10! m/s . v,,, = 0.022v 


escape escape * 


Earth: v,,,, = [3(8.3145J/mol-K)(220K)/(2.02 x10 kg/mol) =1.65x10° m/s. Va =1.1210* m/s. 


escape 
Vims = 0. 1 DV sapè 7 


(b) Escape from Jupiter is not likely for any molecule, while escape from earth is much more probable. 
(C) Vins = 38.3 145J/mol -K)(200K)/(32.0 x10” kg/mol) =395 m/s. The radius of the asteroid is 


R =(3M /47p)'° =4.68x10°m, and the escape speed is v.,.,,. =./2GM/R =542m/s . Over time the O, 
pP pe sp escape 


molecules would essentially all escape and there can be no such atmosphere. 
EVALUATE: As Figure 18.23 in the textbook shows, there are some molecules in the velocity distribution that 
have speeds greater than v,,,. But as the speed increases above v,,,, the number with speeds in that range 


decreases. 


rms 


[3kT ; ; ; 
18.79. IDENTIFY:  v,,, = Ber . The number of molecules in an object of mass m is N =nN, = ae i 
m 


SET Up: The volume ofa sphere of radius r is V = far ; 


_ 3kT _3(1.381x10” J/K)(300K) 
v? (0.0010 m/s)’ 


rms 


(b) N =mN, /M =(1.24x10kg)(6.023 x10 molecules/mol)/(18.0x10~ kg/mol) 
N =4.16x10'' molecules. 


EXECUTE: (a) m =1.24x10\*kg. 


3y 1/3 
(c) The diameter is D = 2r = (2) 7 al 


1/3 
=2.95x10° m which is too small 
4r 


swe) _ of 30.24x10™ kg) 
4r 47(920 kg/m’) 
to see. 


EVALUATE: v, decreases as m increases. 
18.80. IDENTIFY: For a simple harmonic oscillator, x = Acos æt and v, =—@Asinat , with a=Vk/m. 


SETUP: The average value of cos(2æt) over one period is zero, so (sin? œt), = (cos? æt), =. 


EXECUTE: x= Acosa@t, v,=—@Asinat , U,, =14kA*(cos’ of) 


v2 


K,, =4mo’ A’ (sin? ot),, . Using 


(sin? œt) =(cos’ ot),, =+ and mæ’ =k shows that K,, =U,,. 
EVALUATE: In general, at any given instant of time U # K . It is only the values averaged over one period that 
are equal. 

18.81. IDENTIFY: The equipartition principle says that each atom has an average kinetic energy of +AT for each degree 
of freedom. There is an equal average potential energy. 
SET Up: The atoms in a three-dimensional solid have three degrees of freedom and the atoms in a two- 
dimensional solid have two degrees of freedom. 
EXECUTE: (a) In the same manner that Eq.(18.28) was obtained, the heat capacity of the two-dimensional solid 
would be 2R = 16.6 J/mol -K . 
(b) The heat capacity would behave qualitatively like those in Figure 18.21 in the textbook, and the heat capacity 
would decrease with decreasing temperature. 
EVALUATE: At very low temperatures the equipartition theorem doesn't apply. Most of the atoms remain in their 
lowest energy states because the next higher energy level is not accessible. 
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18.82. 


18.83. 


18.84. 


18.85. 


18.86. 


IDENTIFY: The equipartition principle says that each molecule has average kinetic energy of $47 for each degree 


of freedom. J =2m(L/2)°, where L is the distance between the two atoms in the molecule. K,,, =4/@’. 


TD 
Oms = \(@ )ay 7 
SETUP: The mass of one atom is m = M/N, =(16.0x10~ kg/mol) /(6.02x10” molecules/mol) = 2.66x10™ kg. 
EXECUTE: (a) The two degrees of freedom associated with the rotation for a diatomic molecule account for two- 
fifths of the total kinetic energy, so K,,, =nRT = (1.00 mol)(8.3145 J/mol - K)(300 K) =2.49x10° J . 
16.0x10° kg/mol 
6.023 x10” molecules /mol 


(c) Since the result in part (b) is for one mole, the rotational kinetic energy for one atom is K 


(b) 1 =2m(L/2)’ =2 ) (6.05x10™ m)? =1.94x 10“ kg- m? 


/N, and 


rot 


3 
Orns = 4 [2Km/ Na = = ARN Ja =6.52x10"° rad/s. This is much larger 
i I (1.94x10™ kg-m*)(6.023 x10 molecules/mol) 


than the typical value for a piece of rotating machinery. 
2a rad 
Q, 


rms 


EVALUATE: The average rotational period, T = 


, for molecules is very short. 


IDENTIFY: C,=N (+R) , where N is the number of degrees of freedom. 


SET Up: There are three translational degrees of freedom. 
EXECUTE: For CO,, N =5and the contribution to C, other than from vibration is ŻR = 20.79 J/mol-K and 


C, -4R =0.270 C, . So 27% of C, is due to vibration. For both SO, and H,S, N = 6 and the contribution to Cp 
other than from vibration is £R = 24.94 J/mol -K . The respective fractions of C, from vibration are 21% and 3.9%. 
EVALUATE: The vibrational contribution is much less for H,S . In H,S the vibrational energy steps are larger 
because the two hydrogen atoms have small mass and @= Vk/m . 


IDENTIFY: Evaluate the integral, as specified in the problem. 
SET Up: Use the integral formula given in Problem 18.85, with @=m/2kT . 


œ 3/2 œ 3/2 
m 2 m 1 T 
EXECUTE: (a dv=4 2 pom IU dy =4 =1 
(a) Jr eR ea Jy eT kT) | A(m/2KT) JN m/2kT 


EVALUATE: (b) f(v)dv is the probability that a particle has speed between v and v + dv; the probability that the 
particle has some speed is unity, so the sum (integral) of f(v)dv must be 1. 
IDENTIFY and SET UP: Evaluate the integral in Eq.(18.31) as specified in the problem. 


EXECUTE: ieee fO) dv =4n(n/2xkT)*” | eee dv 


The integral formula with n=2 gives ve dv = (3/8a’)V ala 


Apply with a = m/2kT, fev fv) dv =4n(m/2nkTY”? (3/8)(2kT/m) J 2akT/m = (3/2)(2kT/m) = 3kT/m 


EVALUATE: Equation (18.16) says tm(v’),, =3kT/2, so (v’),, =3kT/m, in agreement with our calculation. 
IDENTIFY: Follow the procedure specified in the problem. 
SETUP: If v =x, then dx =2vdv. 

3/2 œ 


EXECUTE: vf (v)dv = 4r id ve IAT dy, Making the suggested change of variable, v? =x. 2vdv = dx, 
kT 8 gs 8 
0 0 


v`dv = (1/2)x dx, and the integral becomes 


œ 3/2 œ 3/2 2. 
fx mar = aul 5 Í xe AT dx = 2e( m ) =) S E SE 
A 2akT) 5 QnkT m Vx\V m zm 


which is Eq. (18.35). 


EVALUATE: The integral [Aoa is the definition of v, . 
0 
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18.87. 


18.88. 


18.89. 


18.90. 


18.91. 


IDENTIFY: f(v)dv is the probability that a particle has a speed between v and v+ dv . Eq.(18.32) gives f(v). 
Vp iS given by Eq.(18.34). 

SETUP: For O,, the mass of one molecule is m=M/N, =5.32x10™ kg. 

EXECUTE: (a) f(v)dv is the fraction of the particles that have speed in the range from v to v+ dv . The number 


of particles with speeds between v and v+ dv is therefore dN = Nf(v)dv and AN=NJ has S(v)dv. 


3/2 
2kT 4 
b) Setting v=v =. [242 in f@) gives fv = 4a m ) Jet= . For oxygen gas at 300 K, 
(b) g np = 4f a fO) gives fn) ar = Be ygen g 


Vap = 3.95 x 10° m/s and f(v)Av=0.0421. 
(c) Increasing v by a factor of 7 changes f bya factor of 7°e™, and f(v)Av = 2.94 x10". 
(d) Multiplying the temperature by a factor of 2 increases the most probable speed by a factor of J2, and the 


answers are decreased by V2: 0.0297 and 2.08x107", 
(e) Similarly, when the temperature is one-half what it was parts (b) and (c), the fractions increase by 


V2 to 0.0595 and 4.15 x10”. 
EVALUATE: (f) At lower temperatures, the distribution is more sharply peaked about the maximum (the most 
probable speed), as is shown in Figure 18.23a in the textbook. 


IDENTIFY: Apply the definition of relative humidity given in the problem. pV =nRT = “RT . 


SETUP: M =18.0x10° kg/mol . 

EXECUTE: (a) The pressure due to water vapor is (0.60)(2.34x10° Pa) =1.40x10° Pa. 

_ MpV _ (18.0x10°kg/mol)(1.40x 10° Pa)(1.00 m°) _ 
RT (8.3145 J/mol -K)(293.15 K) 

EVALUATE: The vapor pressure of water vapor at this temperature is much less than the total atmospheric 


(b) Mma 10g 


pressure of 1.0x10° Pa. 
IDENTIFY: The measurement gives the dew point. Relative humidity is defined in Problem 18.88. 
_ partial pressure of water vapor at temperature T 


SET UP: relative humidity 
vapor pressure of water at temperature T 


EXECUTE: The experiment shows that the dew point is 16.0°C, so the partial pressure of water vapor at 30.0°C 
is equal to the vapor pressure at 16.0°C, which is 1.81x10° Pa. 


3 

Thus the relative humidity = -P10 Pa _ 9.496 = 42.6%. 

4.25x10° Pa 
EVALUATE: The lower the dew point is compared to the air temperature, the smaller the relative humidity. 
IDENTIFY: Use the definition of relative humidity in Problem 18.88 and the vapor pressure table in 
Problem 18.89. 
SET Up: At 28.0°C the vapor pressure of water is 3.78 x10° Pa. 
EXECUTE: Fora relative humidity of 35%, the partial pressure of water vapor is 
(0.35)(3.78x10° Pa) =1.323x10° Pa. This is close to the vapor pressure at 12°C, which would be at an altitude 
(30°C —12°C)/(0.6°C/100 m) =3 km above the ground. For a relative humidity of 80%, the vapor pressure will be 


the same as the water pressure at around 24°C, corresponding to an altitude of about | km. 


EVALUATE: Clouds form at a lower height when the relative humidity at the surface is larger. 


IDENTIFY: Eq.(18.21) gives the mean free path 2 . In Eq.(18.20) use v = ae in place of v. 


: 2GM 
pV =nRT = NKT . The escape speed iS Vescape = pee 


SET Up: For atomic hydrogen, M =1.008x10~ kg/mol . 

EXECUTE: (a) From Eq.(18.21), 2 = (42V2r?(N/V))! = (42-V2(5.0x 107"! m)?(50x10° m°) =4.5x10" m. 
(b) Vin, = V3RT/M =43(8.3145 J/mol- K)(20 K)/(1.008 x10 kg/mol) =703 m/s, and the time between 
collisions is then (4.5 x10" m)/(703 m/s) = 6.4x10* s, about 20 yr. Collisions are not very important. 

(© p=(N/V)AT = (50/1.0x 10° m*)(1.381x10 J/K)(20 K) =1.4x 10 Pa. 
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18.92. 


18.93. 


(d) Veccape = f= = | Nee)» (82/3)G(N/V mR? 


R 
= 4/(82/3)(6.673 x107'' N-m?/kg)(50 x 10° m”°)(1.67 x10” kg)(10 x 9.46 x10'° m}? 
g g 


Veseape = 650 m/s. This is lower than v,,, and the cloud would tend to evaporate. 


escape 


Vescape 


(e) In equilibrium (clearly not thermal equilibrium), the pressures will be the same; from pV = NKT, 
kT sy (N/V ism =KT, (N/V) 


nebula 


(f) With the result of part (e), 


6 3 
Trou = A CN man. |= (20 K) ( S0*10 mm) 9 x10° K, 
VIN) uy 00x10% m°) 


more than three times the temperature of the sun. This indicates a high average kinetic energy, but the thinness of 
the ISM means that a ship would not burn up. 

EVALUATE: The temperature of a gas is determined by the average kinetic energy per atom of the gas. The 
energy density for the gas also depends on the number of atoms per unit volume, and this is very small for the ISM. 
IDENTIFY: Follow the procedure of Example 18.4, but use T=7,-ay. 


and the result follows. 


nebula 


SETUP: In(1+x)*x when x is very small. 


EXECUTE: (a) a = -2 which in this case becomes a = -1 . This integrates to 
P o OY 
M: Mg! Ra 
In| 2 = Enl Y| or p=p]ll y ; 
Po) Ra T T 
(b) For sufficiently small a, In(1 -7P z n and this gives the expression derived in Example 18.4. 
0 0 
=) o -3 2 
(© |1 (0.6x10~ C°/m)(8863 m) = 0.8154, Mg _ (28.8 x10~)(9.80 msi) -5.6576 and 
(288 K) Ra (8.3145 J/mol-K)(0.6 x 10° C°/m) 


0.8154)°°’ = 0.315 atm, which is 0.95 of the result found in Example 18.4. 
Po 


EVALUATE: The pressure is calculated to decrease more rapidly with altitude when we assume that T also 
decreases with altitude. 
IDENTIFY and SETUP: The behavior of isotherms for a real gas above and below the critical point are shown in 
Figure 18.7 in the textbook. 

oP. 


EXECUTE: (a) A positive slope ov would mean that an increase in pressure causes an increase in volume, or 


that decreasing volume results in a decrease in pressure, which cannot be the case for any real gas. 
(b) See Figure 18.7 in the textbook. From part (a), p cannot have a positive slope along an isotherm, and so can 
have no extremes (maxima or minima) along an isotherm. When op vanishes along an isotherm, the point on the 


3 
ôP o, 


y? 


curve ina p-V diagram must be an inflection point, and 


es ai i CR mie x4 2an: ; a? Wad 3 oa Setting the last two of these equal to 
V-nb V° ôV (V-nb) V ov’ (V-nb) V 
zero gives V’nRT =2an*(V —nb) and V*nRT =3an (V —nb)’. 
(d) Following the hint, V = (3/2)(V —nb), which is solved for (V/n), =3b. Substituting this into either of the last 
two expressions in part (c) gives T, =8a/27Rb. 


œ) p= 


(ips RT a _ R(8a/27Rb) a a 
Pe a. Ak 2b Ob 277 
m PI a27) 8 


pV/n)\ (a/27b’)3b 3 
(g) H, :3.28. N,:3.44. H,O:4.35. 


EVALUATE: (h) While all are close to 8/3, the agreement is not good enough to be useful in predicting critical 
point data. The van der Waals equation models certain gases, and is not accurate for substances near critical points. 
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18.94. 


2 
v, Yv 
IDENTIFY and SETUP: For N particles, v,, = dy and Vas = 2” ; 


1 
EXECUTE: (a) Vy =3(V, +2) 5 Vins EA +v and 


1 1 1 
oi Hv3) 10 Ev t2vm)= 70 Ev 2v) is v)? 


2 Dies 1 
Vims Vav 2 


This shows that v. 2v,,, with equality holding if and only if the particles have the same speeds. 


av? 


(b) v? = H NM Hu’) v! = yH We +u), and the given forms follow immediately. 


(c) The algebra is similar to that in part (a); it helps somewhat to express 


12 1 2 2 
v = N((N 4+1)-1)v, +2Nv u +((N +1)-N)u’). 

av (wate (( J- Ivy avlt + (( )-N)u") 

N N 1 
C= v + =( vů +2v,u-u’)4 u’ 
N+1 (N +1) N+1 

Then, 

E E A E T E + —* 5 E > Yas then 

i (N+1) (N +1) N+1 ~ (N +1) i 


this difference is necessarily positive, and v’ > vh- 

(d) The result has been shown for N =1, and it has been shown that validity for N implies validity for N +1; by 
induction, the result is true for all N. 

EVALUATE: Vms > V,, because Vms gives more weight to particles that have greater speed. 
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19.1. 


19.2. 


19.3. 


19.4. 


(a) IDENTIFY and SET UP: The pressure is constant and the volume increases. 
p 


I 2 The pV-diagram is 
—— sketched in Figure 19.1 
y 
Figure 19.1 


Vy 
(b) wl pdV 


Since p is constant, W = pf dV = p(V,-V,) 

The problem gives T rather than p and JV, so use the ideal gas law to rewrite the expression for W. 

EXECUTE: pV=nRT so pV=nRT, p,V,=nRT,; subtracting the two equations gives 

pV, -V,)=nR(L, -T) 

Thus W =nR(T, —T,) is an alternative expression for the work in a constant pressure process for an ideal gas. 
Then W =nR(T, —T,) = (2.00 mol)(8.3145 J/mol-K)(107°C — 27°C) = +1330 J 


EVALUATE: The gas expands when heated and does positive work. 
IDENTIFY: At constant pressure, W = pAV =nRAT. 
SETUP: R=8.3145 J/mol-K. AT has the same numerical value in kelvins and in C°. 
3 
EXECUTE: AT= Wo Liew? =35.1K. AT, = AT, and T, =27.0°C +35.1°C = 62.1°C. 
nR (6 mol) (8.3145 J/mol - K) 
EVALUATE: When W >0 the gas expands. When p is constant and V increases, T increases. 


IDENTIFY: Example 19.1 shows that for an isothermal process W = nRT In(p,/p,). pV =nRT says V decreases 


when p increases and T is constant. 
SETUP: T=358.15 K. p,=3p,. 
EXECUTE: (a) The pV-diagram is sketched in Figure 19.3. 


(b) W = (2.00 mol)(8.314 J/mol - K)(358.15 K)In (2) =-6540 J. 
Pı 


EVALUATE: Since V decreases, W is negative. 
p 


Ne 


Figure 19.3 


IDENTIFY: Use the expression for W that is appropriate to this type of process. 
SET Up: The volume is constant. 

EXECUTE: (a) The pV diagram is given in Figure 19.4. 

(b) Since AV =0, W =0. 


19-1 
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19.5. 


19.6. 


19.7. 


19.8. 


EVALUATE: For any constant volume process the work done is zero. 
p 


Figure 19.4 
IDENTIFY: Example 19.1 shows that for an isothermal process W = nRT In(p,/p,). Solve for p,. 
SETUP: For a compression (V decreases) W is negative, so W =-—518 J. T =295.15 K. 


EXECUTE: (a) w sip) Z|, Pi = erT, W —518J 7 
nRT |P) P nRT (0.305 mol)(8.314 J/mol -K)(295.15 K) 


p, = pe” "™™ =(1.76 atm)e™®” = 0.881 atm. 


(b) In the process the pressure increases and the volume decreases. The pV-diagram is sketched in Figure 19.5. 
EVALUATE: W is the work done by the gas, so when the surroundings do work on the gas, W is negative. 
P 


0.692. 


Figure 19.5 


(a) IDENTIFY and SET UP: The pV-diagram is sketched in Figure 19.6. 
P 


r 3 > 
5.00 X 10° Pa + 7 
2.00 X 10° Pa + 1 
ae EL 
0.120m’ 0.200 m* 
Figure 19.6 


(b) Calculate W for each process, using the expression for W that applies to the specific type of process. 
EXECUTE: 1—2, AV =0, so W =0 

2>3 
p is constant; so W = p AV =(5.00x10° Pa)(0.120 m° -0.200 m°) = —4.00 x104 J (W is negative since the volume 
decreases in the process.) 

Wi =W, +W, =—4.00 x104 J 

EVALUATE: The volume decreases so the total work done is negative. 

IDENTIFY: Calculate W for each step using the appropriate expression for each type of process. 

SETUP: When pis constant, W = pAV. When AV =0, W =0. 

EXECUTE: (a) W= p (V-V), Wp =0, W, = p (V, -V,) and W, =0. The total work done by the system is 
W.,+W,, +W, +W =(P; — P2»)(V, —V,), which is the area in the pV plane enclosed by the loop. 


(b) For the process in reverse, the pressures are the same, but the volume changes are all the negatives of those 
found in part (a), so the total work is negative of the work found in part (a). 

EVALUATE: When AV >0, W>Oand when AV <0, W <0. 

IDENTIFY: Apply AU=Q-W. 

SET Up: For an ideal gas, U depends only on T. 
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19.9, 


19.10. 


19.11. 


19.12. 


19.13. 


19.14. 


EXECUTE: (a) V decreases and W is negative. 
(b) Since T is constant, AU =0 and Q =W. Since W is negative, Q is negative. 


(c) O=W, the magnitudes are the same. 
EVALUATE: Q<0 means heat flows out of the gas. The plunger does positive work on the gas. The energy added 


by the positive work done on the gas leaves as heat flow out of the gas and the internal energy of the gas is 
constant. 
IDENTIFY: AU =Q-W. Fora constant pressure process, W = pAV. 


SETUP: Q=+1.15x10° J, since heat enters the gas. 

EXECUTE: (a) W = pAV =(1.80x10° Pa)(0.320 m° —0.110 m°) =3.78 x104 J. 

(b) AU =Q-W =1.15x10° J—3.78x10* J=7.72x108 J. 

EVALUATE: (c) W = pAV for a constant pressure process and AU = Q-W both apply to any material. The ideal 


gas law wasn’t used and it doesn’t matter if the gas is ideal or not. 
IDENTIFY: The type of process is not specified. We can use AU =Q-—W because this applies to all processes. 


Calculate AU and then from it calculate AT. 

SETUP: Q is positive since heat goes into the gas; Q = +1200 J 

W positive since gas expands; W = +2100 J 

EXECUTE: AU =1200 J—2100 J = -900 J 

We can also use AU = n(2R) AT since this is true for any process for an ideal gas. 
T= 2 AU _ 2(-900 J) _ 

3nR_ —-3(5.00 mol)(8.3145 J/mol -K) 

T, =T, + AT =127°C -14.4C° =113°C 

EVALUATE: More energy leaves the gas in the expansion work than enters as heat. The internal energy therefore 

decreases, and for an ideal gas this means the temperature decreases. We didn’t have to convert AT to kelvins 


since AT is the same on the Kelvin and Celsius scales. 
IDENTIFY: Apply AU =Q-W to the air inside the ball. 


SET Up: Since the volume decreases, W is negative. Since the compression is sudden, Q = 0. 
EXECUTE: AU =Q-W with O=0 gives AU =-W. W <0so AU >0. AU =+410J. 
(b) Since AU >0, the temperature increases. 


14.4C° 


EVALUATE: When the air is compressed, work is done on the air by the force on the air. The work done on the 
air increases its energy. No energy leaves the gas as a flow of heat, so the internal energy increases. 
IDENTIFY and SETUP: Calculate W using the equation for a constant pressure process. Then use AU =Q-W to 


calculate Q. 


(a) EXECUTE: W= ie p dV = p(V,—V,) for this constant pressure process. 


W =(2.3x10° Pa)(1.20 m° —1.70 m°) =—1.15x10° J (The volume decreases in the process, so W is negative.) 
(b) AU=O-W 

Q =AU +W =-1.40x10° J+ (-1.15x10° J) =-2.55x10° J 

Q negative means heat flows out of the gas. 


(c) EVALUATE: W= p p dV = p(V,—V,) (constant pressure) and AU =Q-W apply to any system, not just to 


an ideal gas. We did not use the ideal gas equation, either directly or indirectly, in any of the calculations, so the 
results are the same whether the gas is ideal or not. 

IDENTIFY: Calculate the total food energy value for one doughnut. K =4mv’. 

SETUP: 1 cal=4.186J 

EXECUTE: (a) The energy is (2.0 g)(4.0 kcal/g)+(17.0 g)(4.0 kcal/g) +(7.0 g)(9.0 keal/g) =139 kcal. 


The time required is (139 keal)/(510 kcal/h) = 0.273 h =16.4 min. 

(b) v=./2K/m = (2139 x10° cal) (4.186 J/cal)/(60 kg) =139 m/s =501 km/h. 
EVALUATE: When we set K =Q, we must express Q in J, so we can solve for v in m/s. 
IDENTIFY: Apply AU=Q-W. 

SET Up: W >0Owhen the system does work. 
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19.15. 


19.16. 


19.17. 


19.18. 


19.19, 


19.20. 


EXECUTE: (a) The container is said to be well-insulated, so there is no heat transfer. 

(b) Stirring requires work. The stirring needs to be irregular so that the stirring mechanism moves against the 
water, not with the water. 

(c) The work mentioned in part (b) is work done on the system, so W <0, and since no heat has been transferred, 
AU =-W >0. 

EVALUATE: The stirring adds energy to the liquid and this energy stays in the liquid as an increase in internal 
energy. 

IDENTIFY: Apply AU =Q-YW to the gas. 

SET Up: For the process, AV =0. Q=+400 J since heat goes into the gas. 


EXECUTE: (a) Since AV =0, W =0. 
R ; 
(b) pV =nRT says T= - = constant. Since p doubles, T doubles. T, = 2T,. 


(c) Since W =0, AU =0 =+400 J. U, =U, +400 J. 
EVALUATE: For an ideal gas, when T increases, U increases. 
IDENTIFY: Apply AU=Q-W. W] is the area under the path in the pV-plane. 


SET Up: W >0Owhen V increases. 

EXECUTE: (a) The greatest work is done along the path that bounds the largest area above the V-axis in the p-V 
plane, which is path 1. The least work is done along path 3. 

(b) W >0 in all three cases; Q = AU +W, so Q>0 for all three, with the greatest Q for the greatest work, that 
along path 1. When Q > 0, heat is absorbed. 

EVALUATE: AU is path independent and depends only on the initial and final states. W and Q are path 
independent and can have different values for different paths between the same initial and final states. 

IDENTIFY: AU =Q-W. Wis the area under the path in the pV-diagram. When the volume increases, W > 0. 
SET Up: Foracomplete cycle, AU =0. 

EXECUTE: (a) and (b) The clockwise loop (I) encloses a larger area in the p-V plane than the counterclockwise 
loop (II). Clockwise loops represent positive work and counterclockwise loops negative work, so 

W, >0 and W, <0. Over one complete cycle, the net work W, +W, >0, and the net work done by the system is 
positive. 

(c) For the complete cycle, AU =0 and so W =Q. From part (a), W >0, so Q >0, and heat flows into the 
system. 

(d) Consider each loop as beginning and ending at the intersection point of the loops. Around each loop, 

AU =0, so Q =W; then, Q, =W, >0 and Q, =W, <0. Heat flows into the system for loop I and out of the system 
for loop II. 

EVALUATE: W and Q are path dependent and are in general not zero for a cycle. 

IDENTIFY and SET Up: Deduce information about Q and W from the problem statement and then apply the first 
law, AU =Q-W, to infer whether Q is positive or negative. 

EXECUTE: (a) For the water AT >0, so by Q=mc AT heat has been added to the water. Thus heat energy 
comes from the burning fuel-oxygen mixture, and Q for the system (fuel and oxygen) is negative. 

(b) Constant volume implies W =0. 

(c) The Ist law (Eq.19.4) says AU=QO-W. 

Q<0, W=0 so by the Ist law AU <0. The internal energy of the fuel-oxygen mixture decreased. 

EVALUATE: In this process internal energy from the fuel-oxygen mixture was transferred to the water, raising its 
temperature. 

IDENTIFY: AU=Q-W. Fora constant pressure process, W = pAV. 


SET Up: Q =+2.20x10° J; Q>0 since this amount of heat goes into the water. p = 2.00 atm =2.03x10° Pa. 
EXECUTE: (a) W = pAV =(2.03x10° Pa)(0.824 m° —1.00x10° m°) =1.67x10° J 

(b) AU =Q -W =2.20x10° J-1.67x10° J =2.03x10° J. 

EVALUATE: 2.20x10° J of energy enters the water. 1.67x10° J of energy leaves the materials through 


expansion work and the remainder stays in the material as an increase in internal energy. 
IDENTIFY: AU=Q-W 


SET Up: Q <0 when heat leaves the gas. 
EXECUTE: For an isothermal process, AU =0, so W = Q = -335 J. 
EVALUATE: Ina compression the volume decreases and W <0. 


The First Law of Thermodynamics 19-5 


19.21. IDENTIFY: For a constant pressure process, W = pAV, Q=nC,AT and AU =nC,AT. AU =Q-W and 
C, =C, +R. Foran ideal gas, pAV =nRAT. 


SETUP: From Table 19.1, C, =28.46 J/mol- K. 

EXECUTE: (a) The pV diagram is given in Figure 19.21. 

(b) W = pV, — pV, =nR(T, —T,) = (0.250 mol)(8.3145 J/mol-K)(100.0 K) = 208 J. 

(c) The work is done on the piston. 

(d) Since Eq. (19.13) holds for any process, AU =nC,AT = (0.250 mol)(28.46 J/mol-K)(100.0 K) =712 J. 
(e) Either Q=nC,AT or Q=AU +W gives Q =920 J to three significant figures. 

(f) The lower pressure would mean a correspondingly larger volume, and the net result would be that the work 


done would be the same as that found in part (b). 
EVALUATE: W =nRAT, so W, Q and AU all depend only on AT. When T increases at constant pressure, V 


increases and W >0. AU and Q are also positive when T increases. 
p 


Figure 19.21 


19.22. IDENTIFY: For constant volume Q =nC,AT. For constant pressure, Q=nC,AT. For any process of an ideal 
gas, AU =nC,AT. 
SETUP: R=8.315 J/mol-K. For helium, C, =12.47 J/mol-K and C, = 20.78 J/mol-K. 
EXECUTE: (a) Q=nC,AT =(0.0100 mol)(12.47J/mol-K)(40.0 C°) =4.99 J. The pV-diagram is sketched in 


Figure 19.22a. 
(b) Q=nC,AT = (0.0100 mol)(20.78 J/mol -K)(40.0 C°) =8.31 J. The pV-diagram is sketched in Figure 19.22b. 


(c) More heat is required for the constant pressure process. AU is the same in both cases. For constant volume 
W =0 and for constant pressure W > 0. The additional heat energy required for constant pressure goes into 
expansion work. 
(d) AU =nC,AT =4.99 J for both processes. AU is path independent and for an ideal gas depends only on AT. 
EVALUATE: C,=C,+R, so C, >C,. 

p p 


N 


(a) (b) 
Figure 19.22 


19.23. IDENTIFY: For constant volume, Q =nC,AT. For constant pressure, Q =nC,AT. 


SETUP: From Table 19.1, C, =20.76 J/mol- K and C, =29.07 J/mol -K 


; ; Q 645 J 
: ; = = =167. T =948 K. 
EXECUTE: (a) Using Equation (19.12), AT nC, ~ 0.185 mol(20.76 J/mol-K) 167.9 K and 948 


The pV-diagram is sketched in Figure 19.23a. 
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(b) Using Equation (19.14), AT = O GAS] =119.9 K and T =900 K 
od eye nC, (0.185 mol)(29.07 J/mol-K) 7 = i 
The pV-diagram is sketched in Figure 19.23b. 
EVALUATE: At constant pressure some of the heat energy added to the gas leaves the gas as expansion work and 
the internal energy change is less than if the same amount of heat energy is added at constant volume. AT is 
proportional to AU. 
P p 
9 
l 2 
e s 
l 
V \ 
(a) (b) 
Figure 19.23 
19.24. IDENTIFY and SETUP: Use information about the pressure and volume in the ideal gas law to determine the sign 
of AT, and from that the sign of Q. 
EXECUTE: For constant p, Q=nC, AT 
Since the gas is ideal, pV =nRT and for constant p, pAV =nRAT. 
pAaVv C, 
=nC,| —— |=| — |pAV 
Q Al a Rie 
Since the gas expands, AV >0 and therefore 0>0. Q>0 means heat goes into gas. 
EVALUATE: Heat flows into the gas, W is positive and the internal energy increases. It must be that Q > W. 
19.25. IDENTIFY: AU =Q-W. Foran ideal gas, AU = C, AT, and at constant pressure, W = p AV =nRAT. 
SETUP: C, =2R for a monatomic gas. 
EXECUTE: AU =n(3R)AT =3 pAV =3W. Then Q =AU +W =3W,s0W/QO=2. 
EVALUATE: For diatomic or polyatomic gases, C, is a different multiple of R and the fraction of Q that is used 
for expansion work is different. 
19.26. IDENTIFY: Foran ideal gas, AU =C, AT, and at constant pressure, pAV =nRAT. 
SETUP: C,=+R fora monatomic gas. 
EXECUTE: AU =n(3R) AT =3 pAV =}(4.00x10* Pa)(8.00x 10° m° —2.00x10° m°) =360 J. 
EVALUATE: W =nRAT =3AU =240 J. Q=nC,AT =nĠR)AT =;AU = 600 J. 600 J of heat energy flows into 
the gas. 240 J leaves as expansion work and 360 J remains in the gas as an increase in internal energy. 
19.27. IDENTIFY: For a constant volume process, Q =nC,AT. For a constant pressure process, Q=nC,AT. For any 


process of an ideal gas, AU =nC,AT. 
SETUP: From Table 19.1, for N,, C, =20.76 J/mol-K and C, = 29.07 J/mol-K. Heat is added, so Q is 
positive and Q = +1557 J. 
Q = ees =425.0K 
nC, (3.00 mol)(20.76 J/mol- K) 
Q | 1557 J 
nC, (3.00 mol)(29.07 J/mol-K) 


Pp 


EXECUTE: (a) AT = 


(b) AT = 


(c) AU =nC,AT for either process, so AU is larger when AT is larger. The final internal energy is larger for the 
constant volume process in (a). 

EVALUATE: For constant volume W =0 and all the energy added as heat stays in the gas as internal energy. For 
the constant pressure process the gas expands and W > 0. Part of the energy added as heat leaves the gas as 
expansion work done by the gas. 
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19.28. IDENTIFY: Apply pV =nRT to calculate T. For this constant pressure process, W = pAV. Q =nC,AT. Use 

AU =Q-W to relate Q, Wand AU. 

SET Up: 2.50 atm =2.53x10° Pa. For a monatomic ideal gas, C, = 12.47 J/mol-K and C, = 20.78 J/mol- K. 
pV, _ (2.53x10° Pa)(3.20x10° m°) 
nR (3.00 mol)(8.314 J/mol- K) 
T= pY, £ (2.53x10° Pa)(4.50x10° m°) 

> nR (3.00 mol)(8.314 J/mol - K) 
(b) W = pAV =(2.53x10° Pa)(4.50x10° m° -3.20x10° m°) =3.29x10° J 
(ce) Q=nC,AT = (3.00 mol)(20.78 J/mol: K)(456 K -325 K) =8.17 x 10° J 
(d) AU =Q -W =4.88x10° J 
EVALUATE: We could also calculate AU as AU =nC,AT =(3.00 mol)(12.47 J/mol-K)(456 K -325 K) =4.90x10° J, 


which agrees with the value we calculated in part (d). 
19.29. IDENTIFY: Calculate Wand AU and then use the first law to calculate Q. 


(a) SETUP: W= fp dV 


EXECUTE: (a) T = =325 K. 


=456 K. 


pV =nRT so p=nRT/V 
W= H (nRT/V) dV = nRT | dV /V =nRT \n(V,/V,) (work done during an isothermal process). 


EXECUTE: W =(0.150 mol)(8.3145 J/mol-K)(350 K)In(0.25V, /V,) = (436.5 J) In(0.25) = —605 J. 
EVALUATE: W for the gas is negative, since the volume decreases. 

(b) EXECUTE: AU =nC,AT for any ideal gas process. 

AT =0 (isothermal) so AU =0. 

EVALUATE: AU =0 for any ideal gas process in which T doesn’t change. 

(c) EXECUTE: AU=QO-W 

AU =0 so Q =W =-605 J. (Q is negative; the gas liberates 605 J of heat to the surroundings.) 
EVALUATE: Q=nC,AT is only for a constant volume process so doesn’t apply here. 


Q=nC,AT is only for a constant pressure process so doesn’t apply here. 


C 
19.30. IDENTIFY: C,=C,+R and y=—. 
C, 
SETUP: R=8.315 J/mol-K 
C s 
EXECUTE: C,=C,+R. y=—=14 a C= Be SSS 
r C, C, y-1 0.127 


=65.5 J/mol- K. Then 


C, =C, +R =73.8 J/mol- K. 
EVALUATE: The value of C, is about twice the values for the polyatomic gases in Table 19.1. A propane 
molecule has more atoms and hence more internal degrees of freedom than the polyatomic gases in the table. 
19.31. IDENTIFY: AU=0-W. Apply Q=nC,AT to calculate C,. Apply AU =nC,AT to calculate C,. y =C,/C,. 
SETUP: AT =15.0 C°=15.0 K. Since heat is added, Q = +970 J. 
EXECUTE: (a) AU =Q-W =+4970 J—223 J=747J 
Q 970 J AU 747 J 


=37.0 J/mol-K. C, = = =28.5 J/mol-K. 
nAT (1.75 mol)(15.0 K) 


b) C, === 
P nAT (1.75 mol)(15.0 K) 


C, _ 37.0 J/mol-K _ 
C, 28.5 J/mol-K 
EVALUATE: The value of y we calculated is similar to the values given in Tables 19.1 for polyatomic gases. 


19.32. IDENTIFY and SETUP: For an ideal gas AU =nC,,AT. The sign of AU is the same as the sign of AT. Combine 


1.30 


Eq.(19.22) and the ideal gas law to obtain an equation relating T and p, and use it to determine the sign of AT. 
EXECUTE: TV" =T,V,’" and V =nRT/p so, Tp,’ =T} py” and T =T" (p,/ p y` 
p, < p, and y—1 is positive so T, <7. AT is negative so AU is negative; the energy of the gas decreases. 


EVALUATE: Eq.(19.24) shows that the volume increases for this process, so it is an adiabatic expansion. In an 
adiabatic expansion the temperature decreases. 
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19.33. 


19.34. 


19.35. 


19.36. 


eee : : 1 
IDENTIFY: For an adiabatic process of an ideal gas, pV,’ =p.V7, W = marke -= pV) and TV?" =T,Vj". 
y- 
SETUP: For a monatomic ideal gas y = 5/3. 


vy 0.0800 m? Y? 
EXECUTE: (a =p|— | =(1.50x10° Pa| —————— | = 4.76 x 10° Pa. 
oe of 2) l (ecm 3 


(b) This result may be substituted into Eq.(19.26), or, substituting the above form for p,, 


2/3 
W = ph (1-017) 305010 pa)(oosoo m") a (2) } 1.06 x10? J. 


0.0400 


2/3 


(c) From Eq.(19.22), (T, /T,)=(V,/V, y ` =(0.0800/0.0400) 


the initial temperature, the gas is heated. 
EVALUATE: In an adiabatic compression W < 0 since AV <0. Q=0so AU =-W. AU >0 and the temperature 


=1.59, and since the final temperature is higher than 


increases. 
IDENTIFY and SET UP: (a) In the process the pressure increases and the volume decreases. The pV-diagram is 
sketched in Figure 19.34. 

P 


Figure 19.34 


(b) For an adiabatic process for an ideal gas 

TV?“ =TVi", pV? =pxXWž, and pV =nRT 

EXECUTE: From the first equation, T, =7,(V,/V,)’ = (293 K)(V,/0.0900V,)'*" 

T, = (293 K)(11.11)°4 = 768 K = 495°C 

(Note: In the equation TV7 =7,Vj;" the temperature must be in kelvins.) 

pV? = pW implies p, = p,V,/V,)’ = (1.00 atm)(V, /0.0900V,)'* 

p, = (1.00 atm)(11.11)'* =29.1 atm 

EVALUATE: Alternatively, we can use pV =nRT to calculate p,: n, R constant implies pV /T =nR = constant 
so pV,/T, = p¥,/T, 

Pa = pV, / VXT, /T,) = (1.00 atm)(V, /0.0900V,)(768 K/293 K) =29.1 atm, which checks. 


1 
IDENTIFY: For an adiabatic process of an ideal gas, W = Fa DV, -pV,)and pV? = p,Vj. 
y- 


SETUP: y=1.40 for an ideal diatomic gas. 1 atm =1.013x10° Pa and 1 L=10° m°. 


tard 1 
EXECUTE: Q =AU +W =0 for an adiabatic process, so AU = -W = Sle —pV,). p, =1.22x10° Pa. 


p, = p,(V,/V,)" = (1.22 x 10° Pa)(3)'* = 5.68 10° Pa. 


W= ([5.68 x 10° Pa][10x10° m™°]-[1.22x10° Pa][30x10° m” ) =5.05x10° J. The internal energy 


1 
0.40 
increases because work is done on the gas (AU > 0) and Q=0. The temperature increases because the internal 


energy has increased. 
EVALUATE: In an adiabatic compression W <0 since AV <0. Q=0so AU =-W. AU >0 and the temperature 


increases. 
IDENTIFY: Assume the expansion is adiabatic. TV,”"' =7,V/"' relates V and T. Assume the air behaves as an ideal 
p a 2⁄2 


gas, so AU =nC,AT. Use pV =nRT to calculate n. 
SETUP: For air, C, =29.76 J/mol-K and y =1.40. V, =0.800V,. T, =293.15 K. p, =2.026x10° Pa. Fora 


sphere, V =4zr°. 
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yy V, 
EXECUTE: (a) 7T, =7|—| =(293.15 K) l 
y. 0.8007 


2 1 
_ pV, _ (2.026x10° Pa)(7.15x10° m°) 
RT, (8.314 J/mol - K)(293.15 K) 

AU =nC,AT = (0.594 mol)(20.76 J/mol-K)(321 K —293 K) =345 J. 


0.40 
) =320.5 K = 47.4°C. 


=0.594 mol. 


b) V, =42r° = "(0.1195 m)? =7.15x10° m°. n 


1 : 
EVALUATE: We could also use AU =W = zg” — p,V,) to calculate AU, if we first found p, from pV =nRT. 
y- 


19.37. (a) IDENTIFY and SET UP: In the expansion the pressure decreases and the volume increases. The pV-diagram is 
sketched in Figure 19.37. 


Figure 19.37 


(b) Adiabatic means Q = 0. 
Then AU=Q-W gives W =—AU =-nC, AT =nC,(T, -T,) (Eq.19.25). 
C, =12.47 J/mol-K (Table 19.1) 
EXECUTE: W = (0.450 mol)(12.47 J/mol - K)(50.0°C —10.0°C) = +224 J 
W positive for AV >0 (expansion) 
(c) AU =W = -224 J. 
EVALUATE: There is no heat energy input. The energy for doing the expansion work comes from the internal 
energy of the gas, which therefore decreases. For an ideal gas, when T decreases, U decreases. 
19.38. IDENTIFY: pV =nRT. For an adiabatic process, TV’! = T,V7~". 


SETUP: Foran ideal monatomic gas, y = 5/3. 
5: 3 3 
EXECUTE: (a) T= pV _(1.00x10" Pa) (2.50x10" m`) 
nR (0.1 mol) (8.3145 J/mol-K) 


(b) (i) Isothermal: If the expansion is isothermal, the process occurs at constant temperature and the final 
temperature is the same as the initial temperature, namely 301 K. p, = p,(V,/V,) =4p, =5.00x 10° Pa. 


(ii) Isobaric: Ap =0 so p, =1.00x10° Pa. T, =7,(V,/V,) =2T, =602 K. 
TV? _ GOK)” 
fa E (2V,)°" 
EVALUATE: Inan isobaric expansion, T increases. In an adiabatic expansion, T decreases. 
19.39. IDENTIFY: Combine TV’! =7,V/" with pV =nRT to obtain an expression relating T and p for an adiabatic 


process of an ideal gas. 
SETUP: T =299.15 K 


y-l el 
RT RT, r 4 
execute: VaR so “(" -r| :) and T = A 
P Pı P2 Py P2 


(x-1)/y 0 850x105 P 0.4/1.4 
T, =7,| 2 = (299.15 K)| — i =284.8 K =11.6 °C 
i 1.01x10° Pa 


EVALUATE: Foran adiabatic process of an ideal gas, when the pressure decreases the temperature decreases. 
19.40. IDENTIFY: Apply AU =Q-W. For any process of an ideal gas, AU =nC,AT. For an isothermal expansion, 


W = mrri) = nr 2) 
V, P 


=301K. 


(iii) Adiabatic: Using Equation (19.22), T, = =(301 K)(4)""” =189 K. 


SETUP: T=288.15 K. Z=- =200. 
P, V, 


EXECUTE: (a) AU =0 since AT =0. 
(b) W =(1.50 mol)(8.314 J/mol - K)(288.15 K)In(2.00) = 2.49 x10° J. W >0and work is done by the gas. Since 


AU =0, Q=W =42.49x10’ J. Q >0 so heat flows into the gas. 
EVALUATE: When the volume increases, W is positive. 
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19.41. IDENTIFY and SETUP: Foran ideal gas, pV =nRT. The work done is the area under the path in the pV-diagram. 
EXECUTE: (a) The product pV increases and this indicates a temperature increase. 
(b) The work is the area in the pV plane bounded by the blue line representing the process and the verticals at 
V, and V,. The area of this trapezoid is +(p, + p, )(V, —V,) =4(2.40 10° Pa)(0.0400 m°) = 4800 J. 


EVALUATE: The work done is the average pressure, $(p, + p,), times the volume increase. 


19.42. IDENTIFY: Use pV =nRT to calculate T. W is the area under the process in the pV-diagram. Use 
AU =nC,AT and AU = Q-W to calculate Q. 
SETUP: Instatec, p, =2.0x10° Pa and V, =0.0040 m°. In state a, p, =4.0x10° Pa and V, =0.0020 m°. 
5 3 
EXECUTE: (a) T,= PV. __(2.0x10" Pa)(0.0040 m”) 
nR (0.500 mol)(8.314 J/mol- K) 
(b) W =4(4.0x10° Pa +2.0x10° Pa)(0.0030 m° — 0.0020 m°) + (2.0 x 10° Pa)(0.0040 m° — 0.0030 m°) 
W =+500 J. 500 J of work is done by the gas. 
(9 T= pV, _ (4.0x10° Pa)(0.0020 m°) 
“~~ nR (0.500 mol)(8.314 J/mol- K) 
500 J of heat enters the system. 
EVALUATE: The work done by the gas is positive since the volume increases. 
19.43. IDENTIFY: Use AU =Q-W and the fact that AU is path independent. 
W >0 when the volume increases, W <0 when the volume decreases, and W =0 when the volume is constant. 
Q >0 if heat flows into the system. 
SETUP: The paths are sketched in Figure 19.43. 
Pp 


=192K 


=192 K. For the process, AT =0, so AU =0 and Q =W =+500 J. 


Q = +90.0 J (positive since heat flows in) 
W.., =+60.0 J (positive since AV >0) 


a d 


Figure 19.43 


EXECUTE: (a) AU=QO-W 

AU is path independent; Q and W depend on the path. 

AU =U, -U, 

This can be calculated for any path from a to b, in particular for path acb: AU, ,, = Qe» -Waea =90.0 J-—60.0 J =30.0 J. 
Now apply AU =Q-W to path adb, AU =30.0 J for this path also. 

W m» =+15.0 J (positive since AV > 0) 


AU, p =Q, Waa SO Que = AU, + Wig, = 30.0 J4+15.0 J = +45.0 J 
(b) Apply AU =Q-W to path ba: AU,_,, =Q,, -W, 
W,, =—35.0 J (negative since AV <0) 

AU, ,, =U, —U, =-(U, -U,) =—-AU,_,, =-30.0 J 

Then O,,=AU,_,,+W,, =-30.0 J -35.0 J = —65.0 J. 

(Q,, <0; the system liberates heat.) 

(c) U,=0, U, =8.0J 

AU, =U, —U, =4+30.0 J, so U, =+30.0 J. 

process a >d 

AU, 4 = Qaa — Wa 

AU „a =U, —U, =+8.0 J 

W m» =+15.0J and W,,,=W,,+W,,. But the work W, for the process d —>b is zero since AV =0 for that process. 


Therefore Wa =W æ =+15.0J. 
Then Q,, = AU W a =+8.0 J +15.0 J = +23.0 J (positive implies heat absorbed). 


a 


, 
a>d ' 
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19.44. 


19.45. 


19.46. 


19.47. 


process d — b 

AUas =Qm -Wa 

W, =0, as already noted. 

AU; =U, —U, =30.0 J-8.0 J =422.0 J. 

Then Q,, =AU,_,, +W, =+22.0 J (positive; heat absorbed). 

EVALUATE: The signs of our calculated Q, and Q,, agree with the problem statement that heat is absorbed in 


these processes. 

IDENTIFY: AU=Q-W. 

SETUP: W=0 when AV =0. 

EXECUTE: For each process, Q = AU +W. No work is done in the processes ab and dc, and so W,, = W pe =450 J 
and W,, =W,,. =120 J. The heat flow for each process is: for ab, Q=90 J. For bc, Q =440 J+ 450 J =890 J. For 
ad, Q =180 J+120 J =300 J. For dc, Q=350 J. Heat is absorbed in each process. Note that the arrows 
representing the processes all point in the direction of increasing temperature (increasing U). 

EVALUATE: AU is path independent so is the same for paths adc and abc. Q a = 300 J +350 J=650 J. 

Qpe = 90 J+ 890 J=980 J. Q and W are path dependent and are different for these two paths. 

IDENTIFY: Use pV =nRT to calculate T,/T,. Calculate AU and Wand use AU =Q-W to obtain Q. 
SETUP: For path ac, the work done is the area under the line representing the process in the pV-diagram. 
T. _ pV, _ (1.0x10° J)(0.060 m°) _ 
T, pV, (.0x10° J)(0.020 m°) 
(b) Since T, =T,, AU =0 for process abc. For ab, AV =0 and W, =0. For bc, p is constant and 
W,, = pAV =(1.0x10° Pa)(0.040 m°) =4.0x10° J. Therefore, W, =+4.0x10° J. Since AU =0, 
O=W =+4.0x10° J. 4.0x10° J of heat flows into the gas during process abc. 


(© W =4(3.0x10° Pa +1.0x10° Pa)(0.040 m°) =+8.0x10° J. Q =W, =+8.0x10° J. 

EVALUATE: The work done is path dependent and is greater for process ac than for process abc, even though the 
initial and final states are the same. 

IDENTIFY: Foracycle, AU =0and O=W. Calculate W. 

SET Up: The magnitude of the work done by the gas during the cycle equals the area enclosed by the cycle in the 
pV-diagram. 

EXECUTE: (a) The cycle is sketched in Figure 19.46. 

(b) |W| =(3.50x10* Pa —1.50x10* Pa)(0.0435 m° — 0.0280 m°) = +310 J. More negative work is done for cd than 


positive work for ab and the net work is negative. W =-310 J. 
(c) O=W =-310 J. Since Q <0, the net heat flow is out of the gas. 


EVALUATE: During each constant pressure process W = pAV and during the constant volume process W = 0. 


EXECUTE: (a) 


1.00. T, =T.. 


p (Pa) 


3.50 x 104 } 


1.50 x 104 


- 1 V (m°) 
0.0280 0.0435 
Figure 19.46 


IDENTIFY: Use the Ist law to relate Q,,, to W,,, for the cycle. 
Calculate W, and W,. and use what we know about W,,, to deduce W,, 


be tot 
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19.48. 


19.49, 


19.50. 


(a) SETUP: We aren’t told whether the pressure increases or decreases in process bc. The two possibilities for 
the cycle are sketched in Figure 19.47. 


P P a 


or 


Figure 19.47 


In cycle I, the total work is negative and in cycle II the total work is positive. For a cycle, AU =0, so Qo = Wo 
The net heat flow for the cycle is out of the gas, so heat Q, <0 and Wa <0. Sketch I is correct. 

(b) EXECUTE: Woa =Q =—800 J 

Woa Wa +W,,+W., 

W, =0 since AV =0. 

W., = pAV since p is constant. But since it is an ideal gas, pAV =nRAT 

W., =nR(I, -T,) =1660 J 

W., =W. -Wa =—800 J-1660 J = -2460 J 

EVALUATE: In process ca the volume decreases and the work W is negative. 

IDENTIFY: Apply the appropriate expression for W for each type of process. pV =nRT and C, =C, +R. 


SETUP: R=8.315 J/mol- K 
EXECUTE: Path ac has constant pressure, so W,, = pAV =nRAT, and 


W, = nR(T,—T,) = (3 mol)(8.3145 J/mol- K)(492 K -300 K) = 4.789x10° J. 
Path cb is adiabatic (Q =0), so W,, =Q -AU =-AU =-nC,AT, and using C, =C, —R, 
W, =-n(C, — R)(T, —-T,) = -(3 mol)(29.1 J/mol- K -8.3145 J/mol- K)(600 K -492 K) = —6.735x10° J. 


Path ba has constant volume, so W,, =0. So the total work done is 
W=W_ +W, +W, =4.789x10° J-6.735x10 J+0=-1.95x10° J. 

EVALUATE: W >0 when AV >0, W <0when AV <0and W =0when AV =0. 
IDENTIFY: Use Q=nC,AT to calculate the temperature change in the constant volume process and use 
pV =nRT to calculate the temperature change in the constant pressure process. The work done in the constant 
volume process is zero and the work done in the constant pressure process is W = pAV. Use Q=nC,AT to 
calculate the heat flow in the constant pressure process. AU =nC,AT, or AU=Q-W. 
SETUP: For N,, C, =20.76 J/mol-K and C, = 29.07 J/mol- K. 

Q 1.52x10* J 
nC, (2.50 mol)(20.76 J/mol-K) 
pV =nRT says T doubles when V doubles and p is constant, so T, = 2(586 K) =1172 K =899°C. 
(b) For process ab, W, =0. For process bc, 
W, = pAV =nRAT = (2.50 mol)(8.314 J/mol-K)(1172 K -586 K) =1.22x10* J. W =W „+W, =1.22x10* J. 
(c) For process bc, Q=nC,AT = (2.50 mol)(29.07 J/mol-K)(1172 K -586 K) =4.26x 10° J. 
(d) AU =nC,AT = (2.50 mol)(20.76 J/mol- K)(1172 K — 293 K) =4.56x10* J. 
EVALUATE: The total Q is 1.52x10* J+4.26x10* J=5.78x10* J. 
AU =Q-W =5.78x10* J—1.22x10* J=4.56x10* J, which agrees with our results in part (d). 
IDENTIFY: For a constant pressure process, Q=nC,AT. AU =Q-W. AU =nC,AT for any ideal gas process. 
SETUP: For N,, C, =20.76 J/mol-K and C, = 29.07 J/mol-K. Q<0 if heat comes out of the gas. 

Q 42.5x10* J 
C,AT (29.07 J/mol-K)(40.0 K) 


(b) AU =nC, AT = O(C, /C,) = (-2.5x10* J)(20.76/29.07) = -1.79 x10° J. 


EXECUTE: (a) For process ab, AT = =293 K. T, =293 K, so T, =586 K. 


EXECUTE: (a) n= = 21.5 mol. 
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19.52. 


19.53. 


(c) W=Q-AU =-7.15x10° J. 

(d) AU is the same for both processes, and if AV =0, W =0 and O=AU =-1.79x10* J. 

EVALUATE: Fora given AT, Q is larger when the pressure is constant than when the volume is constant. 
IDENTIFY and SET UP: Use the first law to calculate W and then use W = pAV for the constant pressure process 
to calculate AV. 

EXECUTE: AU =Q-W 

Q=-2.15x10° J (negative since heat energy goes out of the system) 


AU =0 so W=Q=-2.15x10° J 
Constant pressure, so W = i pdV = pV, -V,) = pAV. 


W  -2.15x10° J 
p 9.50x10° Pa 
EVALUATE: Positive work is done on the system by its surroundings; this inputs to the system the energy that 
then leaves the system as heat. Both Eq.(19.4) and (19.2) apply to all processes for any system, not just to an ideal 
gas. 

IDENTIFY: pV =nRT. Foran isothermal process W =nRT In(V,/V,). For a constant pressure process, 

W = pAV. 


SETUP: 1L=10° m’. 
EXECUTE: (a) The pV-diagram is sketched in Figure 19.52. 


Then AV = = —0.226 m°. 


1.00 x10° Pa 


-X A |= 6.00 L. The 
2.5010" Pa 


(b) At constant temperature, the product pV is constant, so V, =V,(p,/ p,) =(1.5 of 


final pressure is given as being the same as p, = p, =2.5x10* Pa. The final volume is the same as the initial 
volume, so T, =7;(p;/p,) =75.0 K. 

(c) Treating the gas as ideal, the work done in the first process is W =nRT In(V,/V,) = pV, \n(p,/p,). 
1.00x10° Pa 
2.50x10* Pa 
For the second process, W = p,(V; -V,) = p,V, -V,) = pV. -(p,/p2)). 
1.00x10° = Hai 


W =(1.00x10° Pa)(1.5x10° mi| ]=205 J. 


2.50x10* Pa 

The total work done is 208 J-113 J=95 J. 

(d) Heat at constant volume. No work would be done by the gas or on the gas during this process. 
EVALUATE: When the volume increases, W >0. When the volume decreases, W <0. 

p 


W =(2.50x10* Pa)(1.5x10° mfi 


l 


Figure 19.52 


IDENTIFY: AV =V% AT. W = pAV since the force applied to the piston is constant. Q =mc,AT. AU =Q-W. 
SETUP: m= pV 

EXECUTE: (a) The fractional change in volume is 

AV =V,BAT = (1.20x107 m*)(1.20x10° K™)(30.0 K) = 4.32 x107 m°. 


(b) W = pAV =(F/A)AV =((3.00x10* N)/(0.0200 m’))(4.32 x10 m°) = 648 J. 
(c) O=mc, AT =V,pc,AT = (1.20107 m°)(791 kg/m°)(2.51x10° J/kg -K)(30.0 K). 
Q=7.15x10° J. 
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(d) AU =Q -W =7.15x10° J to three figures. 

(e) Under these conditions W is much less than Q and there is no substantial difference between c, and c,. 

EVALUATE: AU =Q-W is valid for any material. For liquids the expansion work is much less than Q. 
19.54. IDENTIFY: AV = £V,AT. W = pAY since the applied pressure (air pressure) is constant. Q = mc, AT. 

AU =Q-W. 

SETUP: For copper, 2 =5.1x10™ (C°)', c, =390 /kg-K and p =8.90x10° kg/m’. 

EXECUTE: (a) AV = BATV, =(5.1x10°(C°))(70.0 C°)(2.00x107 m)? =2.86x10° m°. 

(b) W = pAV =2.88x107 J. 

(© Q=mc,AT = pyc, AT = (8.9 x 10° kg/m’)(8.00 x10% m’)(390 J/kg -K)(70.0 C°) =1944 J. 

(d) To three figures, AU =O =1940 J. 


(e) Under these conditions, the difference is not substantial, since W is much less than Q. 
EVALUATE: AU =Q-W applies to any material. For solids the expansion work is much less than Q. 


19.55. IDENTIFY and SET UP: The heat produced from the reaction is Q =mL where L is the heat of 


reaction reaction ? reaction 


reaction of the chemicals. 
O iioa = W + AU. 


spray 


EXECUTE: For amass m of spray, W =4mv? =4m(19 m/s)’ =(180.5 J/kg)m and 


AU gray = Qipay = MCAT = m(4190 J/kg -K)(100°C — 20°C) = (335,200 J/kg)m. 
Then Oreaction = ad 80 J/kg + 335, 200 J/kg)m z (335,380 J/kg)m and reaction = ML rerction implies 
MLeeaction = (335,380 J/kg)m. 


The mass m divides out and Lyesstion =3-4*10° J/kg 


EVALUATE: The amount of energy converted to work is negligible for the two significant figures to which the 
answer should be expressed. Almost all of the energy produced in the reaction goes into heating the compound. 


19.56. IDENTIFY: The process is adiabatic. Apply pV,” = p,Vj and pV =nRT. Q=0 so 


1 
AU =W = yan PV). 


SETUP: For helium, y =1.67. p, =1.00 atm =1.013x10° Pa. V, =2.00x10° m’. 
p, =0.900 atm =9.117x10* Pa. T, =288.15 K. 


Vy 1/1.67 
Execute: (a) V7 =V’| |. y, =v| | =(2.00x10° moe | =2.13x10° m°. 
2 2 0.900 atm 
(b) pV =nRT gives E ; 
PV, pV, 
3 3 
T, =7| 22 || )=(288.15 o| am) AA E V IKETE 
PNM, 1.00 atm /\ 2.00x10° m 


(c) AU ==- (U1.013x10" Pa)(2.00x10° m*)]—[9.117x10* Pa)(2.13x10° m*)]=—1.25x107 J. 


EVALUATE: The internal energy decreases when the temperature decreases. 
19.57. IDENTIFY: For an adiabatic process of an ideal gas, TV} =T,V/"'. pV =nRT. 
SETUP: For air, y =1.40 =. 


EXECUTE: (a) As the air moves to lower altitude its density increases; under an adiabatic compression, the 
temperature rises. If the wind is fast-moving, Q is not as likely to be significant, and modeling the process as 
adiabatic (no heat loss to the surroundings) is more accurate. 


RT ; : : 7 
(b) V =, so TV? =T,Vi" gives T” pi” =T} py”. The temperature at the higher pressure is 
P 


2/7 


T, =1,(p,/ py)” ”” = (258.15 K)([8.12x10* Pa]/[5.60x10* Pa])  =287.1 K =13.0°C so the temperature would 


rise by 11.9 C°. 
EVALUATE: In an adiabatic compression, Q =0 but the temperature rises because of the work done on the gas. 
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19.58. IDENTIFY: For constant pressure , W = pAV. For an adiabatic process of an ideal gas, W = A PV, — p,V,) and 


DV! = py. 
Cx CCG 
SETUP: y=—2=—* = 14 R 
C, C, C, 
EXECUTE: (a) The pV-diagram is sketched in Figure 19.58. 


(b) The work done is W = p,(2V, —V) + L(p,2K,) — p,(4V,)). p; = py(2V,/4V,)" and so 


W=pDWV, h +Ze 2] Note that p, is the absolute pressure. 


(c) The most direct way to find the temperature is to find the ratio of the final pressure and volume to the original 


V, 3 


Y y 
penen |e -1,(5) 4=7,(2)°", 
wh, WJ) a 


(d) Since n= oe ,O= or (C, + R)(27, -T,) = P ($ i } This amount of heat flows into the gas, since 
0 


0 
O>0. 
EVALUATE: In the isobaric expansion the temperature doubles and in the adiabatic expansion the temperature 
decreases. If the gas is diatomic, with y=1, 2—y =2 and T, =3.037,, W =2.21pV, and Q =3.50p,⁄,. 
AU =1.29p,V,. AU >0 and this is consistent with an increase in temperature. 
p 


r z 
and treat the air as an ideal gas. p, = p, 6 =p; 6 , since p, = p,. Then 


Figure 19.58 


19.59. IDENTIFY: Assume that the gas is ideal and that the process is adiabatic. Apply Eqs.(19.22) and (19.24) to relate 
pressure and volume and temperature and volume. The distance the piston moves is related to the volume of the 
gas. Use Eq.(19.25) to calculate W. 


(a) SETUP: y=C,/C,=(C,+R)/C, =1+R/C, =1.40. The two positions of the piston are shown in 
Figure 19.59. 


p, =1.01x10° Pa 

p, =4.20x10° Pa + p,,, =5.21x10° Pa 
Vi=hA 

V,=h,A 


k= 
0.250 m 


Figure 19.59 


EXECUTE: adiabatic process: pV,’ = pV? 
pihi Æ = ph; A” 
1/7 3 1/1.40 
h=h (2) = (0.250 msa a a) -0.0774 m 
P> 5.21x10° Pa 
The piston has moved a distance h —h, = 0.250 m -0.0774 m = 0.173 m. 
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b) TV" =T 
Toa Ta 
T, =T, Bi A 300.1 «( ne) = 479.7 K =207°C 
h 0.0774 m 
(©) W =nC,(T,-T,) (Eq.19.25) 
W = (20.0 mol)(20.8 J/mol -K)(300.1 K — 479.7 K) =-7.47 x10* J 


EVALUATE: Inan adiabatic compression of an ideal gas the temperature increases. In any compression the work 
W is negative. 


2 


‘ Bd os M ; ; z oo 
IDENTIFY: m= pV. The density of air is given by p = ra For an adiabatic process, TV’! =T,Vi". 


pV =nRT 


nRT 


SET Up: Using V = in TV)" =T, V7 gives Tp,’ =T,p,”. 


EXECUTE: (a) The pV-diagram is sketched in Figure 19.60. 
(b) The final temperature is the same as the initial temperature, and the density is proportional to the absolute 
pressure. The mass needed to fill the cylinder is then 

1.45x10° Pa 


P 3 ein tog 
= pV = (1.23 kg/m*)(575 x 10 
ae ( gm )( m) 01x10 Pa 


air 


=1.02x10° kg. 


Without the turbocharger or intercooler the mass of air at T =15.0°C and p =1.01x10° Pa ina cylinder is 
m= PV =7.07x10~ kg. The increase in power is proportional to the increase in mass of air in the cylinder; the 


1.02x10° kg 


= -1=0.44 = 44%, 
7.07x10~ kg 


percentage increase is 


(y-D/y 
(c) The temperature after the adiabatic process is T, =T, Po . The density becomes 
p p 254 y 
1 


(-y)/y ly 
e-a Ee) 2) [2*)=a{ 2 . The mass of air in the cylinder is 
T, J Pi Pi Pi Pi 


3 1/1.40 
m =(1.23 kg/m*)(575 x10 0) (ee =) =9.16x10~ kg, 
4 
The percentage increase in power is auz ni kg 1 = 0.30 = 30%. 
7.07x10~ kg 


EVALUATE: The turbocharger and intercooler each have an appreciable effect on the engine power. 
p 


Figure 19.60 
IDENTIFY: In each case calculate either AU or Q for the specific type of process and then apply the first law. 
(a) SETUP: isothermal (AT =0) AU=Q-W; W =+300 J 
For any process of an ideal gas, AU = nC,AT. 
EXECUTE: Therefore, for an ideal gas, if AT =0 then AU =0 and Q =W =+300 J. 
(b) SETUP: adiabatic (Q =0) 
AU =Q-W; W =+300J 
EXECUTE: Q=0 says AU =-W = -300 J 
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(c) SET UP: isobaric Ap =0 

Use W to calculate AT and then calculate Q. 

EXECUTE: W = pAT =nRAT; AT=W/nR 

Q=nC,AT and for a monatomic ideal gas C, =5R 

Thus Q =n3 RAT =(5Rn/2)(WinR) =5W/2 = +750 J. 

AU =nC,AT for any ideal gas process and C, =C, —R= 3R. 

Thus AU =3W/2=+450 J 

EVALUATE: 300 J of energy leaves the gas when it performs expansion work. In the isothermal process this 
energy is replaced by heat flow into the gas and the internal energy remains the same. In the adiabatic process the 
energy used in doing the work decreases the internal energy. In the isobaric process 750 J of heat energy enters the 


gas, 300 J leaves as the work done and 450 J remains in the gas as increased internal energy. 
IDENTIFY: pV =nRT. For the isobaric process, W = pAV =nRAT. For the isothermal process, 


W =nRT In i ; 
V; 

SETUP: R=8.315 J/mol. K 

EXECUTE: (a) The pV diagram for these processes is sketched in Figure 19.62. 


, T T T 
(b) Find T,. For process 1— 2, n, R, and p are constant so z sa constant. = 7 and 
1 2 


nR 


y, 

T, =T, (2) =(355 K)(2)=710 K. 
1 

(c) The maximum pressure is for state 3. For process 2 > 3, n, R, and T are constant. p,V, = p,V; and 


P3 = Pr 6 =(2.40x10° Pa)(2) = 4.80 x105 Pa. 


3 


(d) process 1 2: W = pAV =nRAT = (0.250 mol)(8.315 J/mol -K)(710 K -355 K) =738 K. 


process 2 —>3: W = nar| 2) = (0.250 mol)(8.315 J/mol-K)(710 Kyma( >) =-1023 J. 


2 
process 3-1: AV =0 and W =0. 
The total work done is 738 J +(—1023 J) = -285 J. This is the work done by the gas. The work done on the gas is 
285 J. 
EVALUATE: The final pressure and volume are the same as the initial pressure and volume, so the final state is 
the same as the initial state. For the cycle, AU =0 and Q =W =-285 J. During the cycle, 285 J of heat energy 
must leave the gas. 


Figure 19.62 


IDENTIFY and SET Up: Use the ideal gas law, the first law and expressions for Q and W for specific types of 
processes. 
EXECUTE: (a) initial expansion (state 1 — state 2) 


p, =2.40x10° Pa, T, =355 K, p,=2.40x10° Pa, V, =2V, 

pV =nRT; T/V = p/nR=constant, so T/V, =T,/V, and T, =T,(V,/V,) =355 KQV,/V,)=710 K 
Ap =0 so W = pAV =nRAT = (0.250 mol)(8.3145 J/mol - K)(710 K -355 K) = +738 J 

Q=nC,AT = (0.250 mol)(29.17 J/mol-K)(710 K -355 K) = +2590 J 

AU =0 -W =2590 J—738 J =1850 J 
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19.66. 


(b) At the beginning of the final cooling process (cooling at constant volume), T =710 K. The gas returns to its 
original volume and pressure, so also to its original temperature of 355 K. 

AV =0 so W=0 

Q=nC,AT = (0.250 mol)(20.85 J/mol : K)(355 K —710 K) = -1850 J 

AU =Q-W =-1850J. 

(c) For any ideal gas process AU =nC,AT. For an isothermal process AT =0, so AU =0. 


EVALUATE: The three processes return the gas to its initial state, so AU „a =0; our results agree with this. 


total 
IDENTIFY: pV =nRT. For an adiabatic process of an ideal gas, V~ =T,V". 
SETUP: For N,, vy =1.40. 


EXECUTE: (a) The pV-diagram is sketched in Figure 19.64. 
(b) At constant pressure, halving the volume halves the Kelvin temperature, and the temperature at the beginning 
of the adiabatic expansion is 150 K. The volume doubles during the adiabatic expansion, and from Eq. (19.22), the 


temperature at the end of the expansion is (150 K)( 1/ 2)" =114 K. 
(c) The minimum pressure occurs at the end of the adiabatic expansion (state 3). During the final heating the 
volume is held constant, so the minimum pressure is proportional to the Kelvin temperature, 
Pin = (1.80 10° Pa)(114K/300 K) = 6.82 x10* Pa. 
EVALUATE: Inthe adiabatic expansion the temperature decreases. 
p 


Figure 19.64 


IDENTIFY: Use the appropriate expressions for Q, W and AU for each type of process. AU =Q -W can also be 
used. 

SETUP: For N,, C, =20.76 J/mol: K and C, = 29.07 J/mol- K. 

EXECUTE: (a) W = pAV =nRAT =(0.150 mol)(8.3145 J/mol: K)( -150 K) =-187 J, 

Q=nC,AT = (0.150 mol)(29.07 mol: K)( -150 K) = -654 J, AU =Q -W = —467 J. 

(b) From Eq. (19.24), using the expression for the temperature found in Problem 19.64, 


W= C150 mol)(8.3145 J/mol-K)(150 K)(1 - (1/2°®)=113 J. Q =0 for an adiabatic process, and 


AU =0-W =-W =-113J. 

(c) AV =0, so W =0. Using the temperature change as found in Problem 19.64 and part (b), 

Q =nC,AT =(0.150 mol)(20.76 J/mol- K)(300 K -113.7 K) =580 Jand AU =Q -W =Q =580J. 
EVALUATE: For each process we could also use AU =nC,AT to calculate AU. 

IDENTIFY: Use the appropriate expression for W for each type of process. 

SETUP: Fora monatomic ideal gas, y = 5/3 and C, =3R/2. 

EXECUTE: (a) W =nRT In(V,/V,) =nRT In(3) =3.29x10° J. 

(b) Q=0 so W=-AU =-nC, AT. TV" =T V` gives T, =7,(1/3)°. Then 

W =nC, T- (1/3}°) =2.33x10° J. 

(c) V, =3V,, so W = pAV =2pV, =2nRT, =6.00x10° J. 

(d) Each process is shown in Figure 19.66. The most work done is in the isobaric process, as the pressure is 
maintained at its original value. The least work is done in the adiabatic process. 

(e) The isobaric process involves the most work and the largest temperature increase, and so requires the most heat. 
Adiabatic processes involve no heat transfer, and so the magnitude is zero. 


(f) The isobaric process doubles the Kelvin temperature, and so has the largest change in internal energy. The 
isothermal process necessarily involves no change in internal energy. 
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EVALUATE: The work done is the area under the path for the process in the pV-diagram. Figure 19.66 shows that 
the work done is greatest in the isobaric process and least in the adiabatic process. 
pP 


(c) 


(a) 


(b) 


Figure 19.66 


19.67. IDENTIFY: Assume the compression is adiabatic. Apply TV’ ~ =T,⁄} and pV =nRT. 


SETUP: For N,, y=1.40. V, =3.00 L, p=1.00 atm =1.013x10° Pa, T =273.15 K. V,=V,/2=1.50L. 
A 
EXECUTE: (a) 7, =7, A 


2 
P2= P; hye = (1.00 atm) h tana = 2.64 atm. 
alee V./2 \ 273.15 K 


(b) p is constant, so Fonk = constant and Ph eV L (1.50 L) AIE =1.14 L. 
T T T, T, 360.4 K 


3 


y-1 0.40 
=(273.15K)| | =(273.15 Ky(2)* =360.4 K =87.3°¢, 24 = Paha 
V/2 T T, 


2 


EVALUATE: Inan adiabatic compression the temperature increases. 

19.68. IDENTIFY: At equilibrium the net upward force of the gas on the piston equals the weight of the piston. When the 
piston moves upward the gas expands, the pressure of the gas drops and there is a net downward force on the 
piston. For simple harmonic motion the net force has the form F, =—ky, for a displacement y from equilibrium, 


and f t/t 
V 


SETUP: pV =nRT. Tis constant. 
(a) The difference between the pressure, inside and outside the cylinder, multiplied by the area of the piston, must 


be the weight of the piston. The pressure in the trapped gas is p, + a =p,+ = 


h 
(b) When the piston is a distance h+ y above the cylinder, the pressure in the trapped gas is | Pot aF ) 
ar +y 


ad 
l+ 


-1 
} ~l 1 . The net force, taking the positive direction to 


and for values of y small compared to h, -( 
h+y 
h 


This form shows that for positive A, the net force is down; the trapped gas is at a lower pressure than the 
equilibrium pressure, and so the net force tends to restore the piston to equilibrium. 


(prr me) jh a pyar 
m Ale mg J) 


be upward, is the then F, = (r a -2) = p (æ) -mg = (2) + mg). 
ar h 


(c) The angular frequency of small oscillations would be given by œ’ = 


2 \l/2 
patent fee 
2m 2nVh\ mg 
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If the displacements are not small, the motion is not simple harmonic. This can be seen be considering what 
happens if y ~—h; the gas is compressed to a very small volume, and the force due to the pressure of the gas 
would become unboundedly large for a finite displacement, which is not characteristic of simple harmonic motion. 
If y >>h (but not so large that the piston leaves the cylinder), the force due to the pressure of the gas becomes 
small, and the restoring force due to the atmosphere and the weight would tend toward a constant, and this is not 
characteristic of simple harmonic motion. 


EVALUATE: The assumption of small oscillations was made when was replaced by 1— y/h; this is 


EX 
accurate only when y/his small. 


IDENTIFY: W = p pdV. 


SET Up: For an isothermal process of an ideal gas, W =nRT In (V, /V,). 
EXECUTE: (a) Solving for p as a function of V and 7 and integrating with respect to V, 


2 -nb 1 1l 
p- 2 and w= [2 pav =nRril z |a| l 


V-nb V° V, -nb V, v, 
When a=b=0, W=nRTIn(V,/V,), as expected. 
(b) (i) Using the expression found in part (a), 
W =(1.80 mol)(8.3145 J/mol -K )(300 K) 
(4.00x10° m°) -(1.80 mol)(6.38x10° m?/mol) 
‘ (2.00x10* m*)—(1.80 mol)(6.38x10° val 


m3 2 2 1 1 
jou a a) r m°  2.00x10* = 


W =2.80x10° J. 

(ii) W =nRT In(2) =3.11x10° J. 

(c) The work for the ideal gas is larger by about 300 J. For this case, the difference due to nonzero a is more than 
that due to nonzero b. The presence of a nonzero a indicates that the molecules are attracted to each other and so do 


not do as much work in the expansion. 
EVALUATE: The difference in the two results for W is about 10%, which can be considered to be important. 
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20.1. 


20.2. 


20.3. 


20.4. 


; W 
IDENTIFY: For a heat engine, W = ON lol. e= 0. QO, >0, QO. <0. 


H 


SETUP: W =2200 J. |Q.|=4300 J. 
EXECUTE: (a) Q, =W +|Q,| = 6500 J. 


(b) e= gee 0.34 =34%. 
6500 J 
EVALUATE: Since the engine operates on a cycle, the net Q equal the net W. But to calculate the efficiency we 


use the heat energy input, Qy. 


IDENTIFY: Fora heat engine, W = ON lol. e= f . Qa >0, Qo <0. 


H 

SETUP: |Q,,|=9000 J. |Q.| = 6400 J. 
EXECUTE: (a) W =9000 J —6400 J = 2600 J. 
(b) e aos 0.29 = 29%. 

Q, 9000 J 
EVALUATE: Since the engine operates on a cycle, the net Q equal the net W. But to calculate the efficiency we 
use the heat energy input, Qy. 
IDENTIFY and SET UP: The problem deals with a heat engine. W =+3700 W and Q,, =+16,100 J. Use 
Eq.(20.4) to calculate the efficiency e and Eq.(20.2) to calculate |O.|. Power =W /t. 


work output W _ 3700J 
heat energy input Q, 16,100J 


(b) W =9=|Q,|-|Q.| 
Heat discarded is |Q.|=|Q,,|-W =16,100 J -3700 J =12,400 J. 
(c) Q, is supplied by burning fuel; Q,, =mL, where L, is the heat of combustion. 


ee Lee = 0.350 g. 
L. 4.60x10* J/g 


(d) W =3700 J per cycle 
In ż=1.00 s the engine goes through 60.0 cycles. 
P =W /t = 60.0(3700 J)/1.00 s = 222 kW 


P =(2.22x10° W)(1 hp/746 W) = 298 hp 
EVALUATE: Q, =-12,400 J. In one cycle Q =Q.+Q, =3700 J. This equals W, 


tot 


EXECUTE: (a) e= =0.23 = 23%. 


for one cycle. 


IDENTIFY: W =|Q,|-|Q-|- emo Qua >9, Qo <0. 


H 
SETUP: For 1.00 s, W =180x10° J. 
_ 180x10° J 
0.280 
(b) |Q.|=|Q,|-W = 6.43 x10° J-1.80x10° J =4.63x10° J. 


=6.43x10° J. 


EXECUTE: (a) QO, = ia 
e 


EVALUATE: Of the 6.43x10° J of heat energy supplied to the engine each second, 1.80x10° J is converted to 
mechanical work and the remaining 4.63x10° J is discarded into the low temperature reservoir. 
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20.5. IDENTIFY: W= [Qal — lQ.. e= x QO, >0, Qe <0. Dividing by ¢ gives equivalent equations for the rate of 
H 
heat flows and power output. 
SETUP: W/t=330 MW. |Q,|/t=1300 MW. 
W Wit  330MW 
Q, Q,/t 1300 MW 
(b) |Q.|=|0,|-W so |Q,|/t =|Q,|/t-W /1 =1300 MW -330 MW =970 MW. 


EVALUATE: The equations for e and W have the same form when written in terms of power output and rate of 


EXECUTE: (a) e= =0.25 =25%. 


heat flow. 
20.6. IDENTIFY: Apply e=1 z . e=1 [Qc ; 
4 l2; 
SETUP: In part (b), Q,, =10,000 J. The heat discarded is |O.|. 
EXECUTE: (a) e= I-i = 0.594 = 59.4%, 


(b) |Q.|=|Q,,|(1—e) = (10,000 J)(1 — 0.594) = 4060 J. 
EVALUATE: The work output of the engine is W =|Q,,|—|Q.| =10,000 J- 4060 J =5940 J 
1 


ex 
r” 


20.7. IDENTIFY: e=l— 


SETUP: y=1.40 and e=0.650. 


EXECUTE: eh oie 920350. po? = l and r =13.8. 
ne 0.350 


EVALUATE: e increases when r increases. 
20.8. IDENTIFY: e=1-7'7 
SET UP: ris the compression ratio. 
EXECUTE: (a) e=1-(8.8) °“° =0.581, which rounds to 58%. 
(b) e=1-(9.6)°® =0.595 an increase of 1.4%. 
EVALUATE: An increase in r gives an increase in e. 
20.9. IDENTIFY and SET Up: For the refrigerator K =2.10 and Q, =+3.4x10* J. Use Eq.(20.9) to calculate |W| and 
then Eq.(20.2) to calculate O,. 
(a) EXECUTE: Performance coefficient K = Q, / Ww] (Eq.20.9) 
|W|=0./K =3.40x10* J/2.10 =1.62x10* J 
(b) SETUP: The operation of the device is illustrated in Figure 20.9 
EXECUTE: 
W=0.+0, 
OQ, =W -Q 
Qa =-1.62x10* J-3.40x10* J =—-5.02x10* J 
(negative because heat goes out of the system) 


Figure 20.9 


EVALUATE [Qal = W| + loe]. The heat [Qal delivered to the high temperature reservoir is greater than the heat 
taken in from the low temperature reservoir. 
_ [2c 


20.10. IDENTIFY: T ie |0,,| =|O.|+ |W. 


SET Up: The heat removed from the room is |0.| and the heat delivered to the hot outside is lOl- 
|W| = (850 J/s)(60.0 s) =5.10x10* J. 

EXECUTE: (a) |Q,| = K|W| =(2.9)(5.10x10* J) =1.48x10° J 

(b) |O,|=|Q.|+ |W] =1.48x 10° J+5.10x10* J=1.99x10° J. 

EVALUATE: (c) |O,,|=|Q,|+|W|, so |Q,|>|Qc]. 
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20.11. IDENTIFY and SETUP: Apply Eq.(20.2) to the cycle and calculate |W| and then P =|W|/t. Section 20.4 shows 
that EER =(3.413)K. 


EXECUTE: 
Q. = +9.80x 104 J 


Qa =-1.44x10° J 


Figure 20.11 


W =Q, +Q, =+9.80x10* J-1.44x10° J=-4.60x10* J 
P=W/t=-4.60x10* J/60.0 s =-767 W 

(b) EER =(3.413)K 

K =|Q.|/|W| =9.80x10* J/4.60x10* J =2.13 

EER = (3.413)(2.13) = 7.27 


EVALUATE: W negative means power is consumed, not produced, by the device. 


Qu] = 7] +|OcI. 


20.12. IDENTIFY: |Q,|=|Q.|+|W. x-2, 


SETUP: For water, c, =4190 J/kg-K and L, =3.34x10° J/kg. For ice, c,, =2010 J/kg- K. 
EXECUTE: (a) Q =mC.AT, 


ice 


O = (1.80 kg)([2010 J/kg -K][-5.0 C°]-3.34x105 J/kg +[4190 J/kg -K][-25.0 C°]) = -8.08 x105 J 


—mL, +mc,AT,. 


Q =-8.08x10° J. O is negative for the water since heat is removed from it. 
_|Q.| _ 8.08x10° J 
O K 24 

(c) |Q,,| =8.08 x10° J+3.37x10° J=1.14x10° J. 


EVALUATE: For this device, Q, >0 and Q, <0. More heat is rejected to the room than is removed from the 


(b) |O.|=8.08x10° J. W =3.37x10° J. 


water. 
20.13. IDENTIFY: Use Eq.(20.2) to calculate Ww]. Since it is a Carnot device we can use Eq.(20.13) to relate the heat 


flows out of the reservoirs. The reservoir temperatures can be used in Eq.(20.14) to calculate e. 


(a) SETUP: The operation of the device is sketched in Figure 20.13. 
T,, = 500K 


EXECUTE: 
W=0, +0, 
W =-335 J +550 J=215J 


Figure 20.13 


(b) For a Carnot cycle, A = £ (Eq.20.13) 
H H 
ee [2c = 620 Ke + }=378 K 
TON 550 J 


(c) e(Carnot) =1- T, /T; =1-378 K/620 K = 0.390 = 39.0% 
EVALUATE: We could use the underlying definition of e (Eq.20.4): 
e=W/Q, =(215 J)(550 J) =39%, which checks. 
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20.14. IDENTIFY: = |W|=|Q,|-|Q.|. Q.<0, Qy >0. c=. Fora Camot cycle, £e = 2, 
Qu Q fF, 


H 


SETUP: T,=300K, T, =520 K. |Q,|=6.45x10° J. 


T, 300 K 
EXECUTE: (a) Q, =-Q,| = |=-(6.45x10° D| —— |=-3.72x10° J. 
o o-o E)--64sx10 (22) 
(b) W| =|0,,|-|Q.| =6.45%10° J-3.72x10° J =2.73x10 J 


W  2.73x10° J 
© e=—- == 
Q, 645x10° J 


EVALUATE: We can verify that e=1—T7./T,, also gives e=42.3%. 


= 0.423 = 42.3%. 


20.15. IDENTIFY: e= ua for any engine. For the Carnot cycle, Qo = -=. 
H H H 
SETUP: T, =20.0°C + 273.15 K = 293.15 K 
4 

EXECUTE: (a) QO, = Eee) 4.24x10* J 

e 0.59 
(b) W =Q, +0. so Q, =W -Q =2.5x10* J—4.24x10* J=-1.74x10* J. 

4 
Ty =T, 28 = (293.15 K)| 210 I | 714K =441C. 
Qe -1.74x10° J 


EVALUATE: Fora heat engine, W >0, Q, >Oand Q, <0. 


20.16. IDENTIFY and SETUP: The device is a Carnot refrigerator. 
We can use Eqs.(20.2) and (20.13). 


T, =24.0°C =297 K 
T, = 0.0°C =273 K 


Figure 20.16 
The amount of heat taken out of the water to make the liquid > solid phase change is 
Q =-mL, =—(85.0 kg)(334 x10? J/kg) =-2.84x10’ J. This amount of heat must go into the working substance of 
the refrigerator, so Q, =+2.84x10’ J. For Carnot cycle |O.|/|O,,| =1,/T, 
EXECUTE: |Q,|=|Q.|(Zy/T.) = 2.8410" J(297 K/273 K) =3.09x10" J 


(b) W =O. +Q, =4+2.84x10' J-3.09x10’ J=-2.5x10° J 
EVALUATE: W is negative because this much energy must be supplied to the refrigerator rather than obtained 
from it. Note that in Eq.(20.13) we must use Kelvin temperatures. 
: : Te 
20.17. IDENTIFY: |Q,,|=|W|+|Q,|. Qu <0, Qc >0. K le. For a Carnot cycle, om aa 


W] uo T 


SETUP: T,=270K, T,=320K. |Q.|=415J. 


320 K 
270K 


EXECUTE: (a) Q, = i Jo. = | Jais J) = -492 J. 


(165)(77 J) 


(b) For one cycle, |W| =|O,,|-|O.|=492 J-415 J=77J. P= =212 W. 
S 
Ww 73 


EVALUATE: The amount of heat energy [Onl delivered to the high-temperature reservoir is greater than the 


amount of heat energy |O.| removed from the low-temperature reservoir. 
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20.18. 


20.19. 


20.20. 


20.21. 


20.22. 


Qe 


Te . 
IDENTIFY: W| = |Q, | -|O,|. For a Carnot cycle, = aaa where the temperatures must be in kelvins. 
H H 


SETUP: —10.0°C =263.15 K, 25.0°C =298.15 K, 0.0°C =273.15 K and —25.0°C = 248.15 K. 
EXECUTE: (a) The heat is discarded at a higher temperature, and a refrigerator is required. lQ] = |O. | (T/T) 
and |W |=] Q.| (T/T) -—)) = (5.00 x10° J)((298.15 K/263.15 K )-1) = 665 J. 


(b) Again, the device is a refrigerator, and |W |= (5.00 x10’ J)((273.15 K/263.15 K)—1) =190 J. 

(c) The device is an engine; the heat is taken from the hot reservoir, and the work done by the engine is 

|W |= (5.00x10° J)(1—(248.15 K/263.15 K)) = 285 J. 

EVALUATE: Fora refrigerator work must be supplied to the device. For a heat engine, there is mechanical work 
output from the device. 


g ; ee To : 
IDENTIFY: The theoretical maximum performance coefficient is Kemo = 7 c T K= A 
H *C 


o| =mc,,AT +mL,. 
SETUP: T, =—5.0°C = 268 K. T, =20.0°C = 293 K. c, =4190 J/kg-K and L; =334x10° J/kg. 
EXECUTE: (a) In one year the freezer operates (5 h/day)(365 days) =1825 h. 


_ B30 kWh 
1825 h 


: |O.| is the heat 


removed from the water to convert it to ice. For the water, 


= 0.400 kW = 400 W. 


(0) Koma =e =10.7 
293 K -268 K 
(c) |W| = Pt = (400 W)(3600 s) =1.44x10° J. |Q |=K|W|=1.54x10" J. |Q|= mc, AT +mL; gives 
ld 1.54x107 J E 
c,AT+L, (4190 J/kg: K)(20.0 K)+334x10° J/kg 


EVALUATE: For any actual device, K < K 


36.9 kg. 


Q,| is less than we calculated and the freezer makes less ice in 


Carnot ? 
one hour than the mass we calculated in part (c). 
IDENTIFY: The total work that must be done is W, 


tot 
A T- 
Carnot cycle, Q =- 


H H 


SETUP: T, =373K, Ty =773 K. |Q,|=250 J. 


=mgAy. W|=|Q,|-|Q.|. Q,>0, W>0 and Q, <0. Fora 


EXECUTE: Q.=-O dae (250 J) e: |W|=250 J-121 J =129 J. This is the work done in 
7 "T 773 K 
H 


one cycle. W,,, = (500 kg)(9.80 m/s’)(100 m) = 4.90x10° J. The number of cycles required is 
W 4.9010 J 


tot! —. 


W| ~ 129 J/cycle 


T, A y 
Q =-=, the temperatures must be in kelvins. 
H H 


IDENTIFY: gate ee. For a Carnot cycle, Gs Te and PRE 


H H H H H 


SETUP: 7, =800 K. Q, =-3000 J. 

EXECUTE: Fora heat engine, Q4 = -Qs /(1- e) =—(-3000 J)/(1- 0.600) = 7500 J, and then 

W = eQ, =(0.600)(7500 J) = 4500 J. 

EVALUATE: This does not make use of the given value of 7,,. If T} is used, 

then To = T, (1- e) = (800 K )(1-0.600)=320 K and Q,, = -Q.T /To, which gives the same result. 


Q. 


Te ; vades ve 
IDENTIFY: W=Q.+Q,,.. Fora Carnot cycle, =~ = EA For the ice to liquid water phase transition, Q = mL,. 
H H 


=3.80x10° cycles. 


EVALUATE: In 


SETUP: For water, L, =334x10° J/kg 
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20.23. 


20.24. 


20.25. 


20.26. 


20.27. 


EXECUTE: Q, = —mL, =—(0.0400 kg)(334x10° J/kg) = -1.33610* J. om = -5 gives 


H H 


Oy, =-(Ta/Te)Qe =-(-1.336x10* J)[(373.15 K)/(273.15 K)]=+1.825x10* J. W =Q, +0, =4.89x10° J. 


EVALUATE: Fora heat engine, Q, is negative and Q, is positive. The heat that comes out of the engine 
(Q <0) goes into the ice (Q >0). 


IDENTIFY: The power output is P= L The theoretical maximum efficiency is gyno = 1 -=. e= A 
t H H 
SETUP: Q, =1.50x10* J. T, =350 K. 7, =650 K. 1 hp =746 W. 
Te 350 K 7 ERIEIN, 
EXECUTE: imo; = 1 7 =1 ÜK =0.4615. W = eQ, =(0.4615)(1.50 x10" J) =6.923x10° J; this is the 


H 


W _ (240)(6.923x10° J) 


work output in one cycle. P = =2.77x10* W =37.1 hp. 
t 60.0 s 


350 K 
650 K 


; T Te 
EVALUATE: We could also use Qe =—— to calculate Q, = c Jo, = í 
Ta 


H H 


Ja.soxio' J) =-8.08x10° J. 


Then W =Q, +Q, =6.92x10° J, the same as previously calculated. 
C H 


Te T, 
IDENTIFY and SETUP: camo “12E. Kcamot =. 
Ta l Ta E To 


Talse) _1-e 
T,-T,(l-e) e` 
EVALUATE: (b) When e—>1, K —>0. When e>0, K >o. 


EXECUTE: (a) 7. =T (l-e). K= 


e—>1 when |Q,|<<|Q,|. |Q.| is small in this limit. That is good for an engine since |Q.| is wasted. But it is bad 
for a refrigerator since 0.| is what is useful. e->0 when O.| > [Qal and W| is very small. That is bad for an 


engine but good for a refrigerator. 


Q 


IDENTIFY: AS= 7 for each object, where T must be in kelvins. The temperature of each object remains constant. 


SETUP: Forwater, L, =3.34x10° J/kg. 
EXECUTE: (a) The heat flow into the ice is Q = mL, = (0.350 kg)(3.34x10° J/kg) =1.17x10° J. The heat flow 


Q_1.17x10°J 


occurs at 7 =273 K, so AS = 
T 273 K 


=429 J/K. Q is positive and AS is positive. 


-1.17x10° 
(b) Q =-1.17x10° J flows out of the heat source, at T = 298 K. as-2- — = 


393 J/K. Qis 


negative and AS is negative. 

(c) AS,,, =429 J/K + (-393 J/K) = +36 J/K. 

EVALUATE: For the total isolated system, AS > 0 and the process is irreversible. 
IDENTIFY: Apply Q 


system 


=0 to calculate the final temperature. Q = mcAT. Example 20.6 shows that 
AS = mcln(7,/T,) when an object undergoes a temperature change. 
SETUP: For water c= 4190 J/kg-K. Boiling water has T =100.0°C = 373 K. 


EXECUTE: (a) The heat transfer between 100°C water and 30°C water occurs over a finite temperature 
difference and the process is irreversible. 
(b) (270 kg)c(T, —30.0°C) + (5.00 kg)c(T, -100°C) =0. T, =31.27 °C = 304.42 K. 


304.42 K 304.42 K 
c) AS = (270 kg)(4190 J/kg -K) In} ————_ ———— |]. 
© i eX or ax K 373.15 3 


AS = 4730 J/K + (-4265 J/K) = +470 J/K. 
EVALUATE: AS >0, as it should for an irreversible process. 


system 


)+6.00 kg)(4190 Yke:K)in( 


IDENTIFY: Both the ice and the room are at a constant temperature, so AS = 2 For the melting phase transition, 


Q =mL,. Conservation of energy requires that the quantity of heat that goes into the ice is the amount of heat that 
comes out of the room. 
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20.28. 


20.29. 


20.30. 


20.31. 


20.32. 


SETUP: For ice, L; =334x10° J/kg. When heat flows into an object, Q > 0, and when heat flows out of an 
object, Q <0. 


EXECUTE: (a) Irreversible because heat will not spontaneously flow out of 15 kg of water into a warm room to 
freeze the water. 


3 3 
(by AS = as. sas. Mee TL _ (15.0 ke)(334x10 kg) , ~(15.0 kg\334%10° kg) nov ryso yx 
Po To 273 K 293 K 


EVALUATE: This result is consistent with the answer in (a) because AS > 0 for irreversible processes. 
IDENTIFY: Q =mcAT for the water. Example 20.6 shows that AS = mc In(T,/T,) when an object undergoes a 
temperature change. AS = Q/T for an isothermal process. 

SET Up: For water, c= 4190 J/kg-K. 85.0°C = 358.2 K. 20.0°C = 293.2 K. 


T. 293.2 K 
EXECUTE: (a) AS =mcln| = |= (0.250 kg)(4190 J/kg -K)ln 
(a) (2 ( g)( g:K) aos 


1 


| —210 J/K. Heat comes out of the 


water and its entropy decreases. 
(b) O=mcAT = (0.250 kg)(4190 J/kg -K)(—65.0 K) = -6.81x10* J. The amount of heat that goes into the air is 


4 
Q _ 40.8110 J _ 4930 WK. AS. =-210 WK +232 WK = 422 J/K. 
T  2931K n 


EVALUATE: AS > 0 and the process is irreversible. 


system 


+6.81x10* J. For the air, AS = 


IDENTIFY: The process is at constant temperature, so AS = 2. AU =Q-W. 


SET Up: For an isothermal process of an ideal gas, AU =0 and Q =W. For a compression, AV <0 and W <0. 


EXECUTE: Q=W =-1850 J. AS = ee aye 
293 K 


EVALUATE: The entropy change of the gas is negative. Heat must be removed from the gas during the 
compression to keep its temperature constant and therefore the gas is not an isolated system. 

IDENTIFY and SET UP: The initial and final states are at the same temperature, at the normal boiling point of 
4.216 K. Calculate the entropy change for the irreversible process by considering a reversible isothermal process 
that connects the same two states, since AS is path independent and depends only on the initial and final states. 
For the reversible isothermal process we can use Eq.(20.18). 

The heat flow for the helium is Q =—mL,, negative since in condensation heat flows out of the helium. The heat of 


vaporization L, is given in Table 17.4 and is L, = 20.9x10° J/kg. 


EXECUTE: Q = -mL, =—(0.130 kg)(20.9x10° J/kg) = -2717 J 
AS = Q/T =-2717 3/4.216 K =-644 J/K. 


EVALUATE: The system we considered is the 0.130 kg of helium; AS is the entropy change of the helium. This 
is not an isolated system since heat must flow out of it into some other material. Our result that AS <0 doesn’t 
violate the 2nd law since it is not an isolated system. The material that receives the heat that flows out of the 
helium would have a positive entropy change and the total entropy change would be positive. 


Q 


IDENTIFY: Each phase transition occurs at constant temperature and AS = T Q=mL,. 


SETUP: For vaporization of water, L, =2256x10° J/kg. 


: _Q_ mL, _ (1.00 kg)(2256x10° J/kg) _ 3 
EXECUTE: (a) AS TT (373.15 K) 6.05 x10 
entropy of the water as it changes to steam. 

(b) The magnitude of the entropy change is roughly five times the value found in Example 20.5. 
EVALUATE: Water is less ordered (more random) than ice, but water is far less random than steam; a 
consideration of the density changes indicates why this should be so. 


J/K. Note that this is the change of 


Q 


IDENTIFY: The phase transition occurs at constant temperature and AS = i Q =mL,. The mass of one mole is 
the molecular mass M. 

SETUP: Forwater, L, =2256x10° J/kg. For N,, M =28.0x10° kg/mol, the boiling point is 77.34 K and 

L, =201x10° J/kg. For silver (Ag), M =107.9x10™° kg/mol, the boiling point is 2466 K and L, =2336x10° J/kg. 
For mercury (Hg), M =200.6x10° kg/mol, the boiling point is 630 K and L, =272x10° J/kg. 
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20.33. 


20.34. 


20.35. 


Q mL, _ (18.0x10°kg)(2256 x 10° J/kg) 
T T (873.15 K) 


= 3 -3 3 
(28.0x10° kg)(201x10° J/kg) _ 77 g 1K. Ag (107.9107 kg)(2336 x10? J/kg) 
(77.34 K) (2466 K) 


ae (200.6 x10° kg)(272 x 10° J/kg) 
(630 K) 

(c) The results are the same order or magnitude, all around 100 J/K. 

EVALUATE: The entropy change is a measure of the increase in randomness when a certain number (one mole) 

goes from the liquid to the vapor state. The entropy per particle for any substance in a vapor state is expected to be 

roughly the same, and since the randomness is much higher in the vapor state (see Exercise 20.31), the entropy 

change per molecule is roughly the same for these substances. 

IDENTIFY: During the phase transition the gallium is at a constant temperature equal to the melting point of 

gallium. Your hand is at a constant temperature of 98.6°F = 37.0°C =310.1 K. Heat lol = mL, flows out of your 


Q 


hand and into the gallium. For heat flow at constant temperature, AS = F 


EXECUTE: (a) AS = =109 J/K. 


(b) N,: =102.2 J/K. 


= 86.6 J/K 


SET Up: For gallium, L, =8.04x10* J/kg and the melting point is 29.8°C = 303.0 K. 
EXECUTE: |Q|=mL, = (25.0x10° kg)(8.04 x10* J/kg) =2.01x10° J. For your hand, 


3 
= 2 = pen ke 6.48 J/K. Heat flows out of your hand, Q is negative, and AS is negative. For the 
gallium, AS = as = The temperature of the gallium is less than that of your hand and lol is the same, so the 


magnitude of the entropy change of the gallium is greater than the magnitude of the entropy change of your hand. 
EVALUATE: For the gallium, AS >0, so AS >0 and the process is irreversible. 


system 
IDENTIFY: Apply Eq.(20.23) and follow the procedure used in Example 20.11. 

SET Up: After the partition is punctured each molecule has equal probability of being on each side of the box. 
The probability of two independent events occurring simultaneously is the product of the probabilities of each 
separate event. 

EXECUTE: (a) On the average, each half of the box will contain half of each type of molecule, 250 of nitrogen 
and 50 of oxygen. 

(b) See Example 20.11. The total change in entropy is 

AS = kN,In(2) + kN, In(2) = (N, + N,)k In(2) = (600)(1.381 x10 J/K) In(2) =5.74x107"J/K. 

(c) The probability is (1/2) x (1/2)' = (1/2) =2.4x10"*', and is not likely to happen. The numerical result for 
part (c) above may not be obtained directly on some standard calculators. For such calculators, the result may be 
found by taking the log base ten of 0.5 and multiplying by 600, then adding 181 and then finding 10 to the power 
of the sum. The result is then 10°'*! x10°°” = 2.4x107"". 

EVALUATE: The contents of the box constitutes an isolated system. AS >0 and the process is irreversible. 

(a) IDENTIFY and SET UP: The velocity distribution of Eq.(18.32) depends only on T, so in an isothermal process 
it does not change. 

(b) EXECUTE: Calculate the change in the number of available microscopic states and apply Eq.(20.23). 
Following the reasoning of Example 20.11, the number of possible positions available to each molecule is altered 
by a factor of 3 (becomes larger). Hence the number of microscopic states the gas occupies at volume 3V is 


w, =(3)"w,, where N is the number of molecules and w, is the number of possible microscopic states at the start 
of the process, where the volume is V. Then, by Eq.(20.23), 

AS =k In(w,/w,) = kIn(3)” = NkIn(3) = nN „k In(3) = nR n(3) 

AS = (2.00 mol)(8.3145 J/mol - K)In(3) = +18.3 J/K 

(c) IDENTIFY and SETUP: For an isothermal reversible process AS = Q/T. 


EXECUTE: Calculate W and then use the first law to calculate Q. 
AT =0 implies AU =0, since system is an ideal gas. 
Then by AU =0-W, Q=W. 


For an isothermal process, W = [es pdV= ie (nRT/V) dV =nRT In(V,/V,) 


Thus Q=nRTIn(V,/V,) and AS = Q/T =nRIn(V,/V,) 
AS = (2.00 mol)(8.3145 J/mol -K)In(3V, /V,) = +18.3 J/K 
EVALUATE: This is the same result as obtained in part (b). 
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20.36. 


20.37. 


20.38. 


20.39. 


IDENTIFY: Example 20.8 shows that for a free expansion, AS = nRIn(V,/V,). 
SETUP: V, =2.40 L =2.40x10° m° 


3 

EXECUTE: AS = (0.100 mol)(8.314 J/mol-K)In S i: =10.0 J/K 

2.40x10~ m 
EVALUATE: AS stem > 0 and the free expansion is irreversible. 
IDENTIFY: ecan =1 pe W =Q; +0.. e= T, 

Ta Qu 
SETUP: pV =nRT, the 300 K isotherm lies below the 400 K isotherm in the pV-diagram. 
EXECUTE: (a) ecmo = 1 NIE = 0.200 = 20.0%. 
500 K 
(b) Q; aes — =10,000 J. |O.| =|0,,| -| =10,000 J — 2000 J = 8000 J. 
e . 


(c) The 500 K and 400 K isotherms and the Carnot cycle operating between those isotherms are sketched in 
Figure 20.37. 

(d) The 300 K isotherm and the Carnot cycle operating between the 500 K and 300 K isotherms are also sketched 
in Figure 20.37. 

(e) The cycle with T, =300 K encloses more area than the cycle with T, = 400 K. 

(f) Less work is done on the gas during the compression at lower temperature, so less heat is ejected to keep the 
internal energy and temperature constant. 

EVALUATE: For T, =300 K, eca = 9.400. W = eQ, =(0.400)(10,000 J) = 4000 J. |O.| = 6000 J. 


p 


500 K 

z 400 K 

300 K 
Figure 20.37 
Le iie 


IDENTIFY: W =Q, +Q. Since it is a Carnot cycle, . The heat required to melt the ice is Q = mL,. 


QO, Ta 
SETUP: Forwater, L, =334x10° J/kg. O, >0, Qe <0. Qs =-mL;. Ty =527°C =800.15 K. 
EXECUTE: (a) Q, =+400 J, W =+300 J. Q, =W -Q, =-100 J. 
To = -T,(Q-/Q,) = -(800.15 K)[(-100 J)/(400 J)] = +200 K = -73°C 
(b) The total Q, required is —mL, = —(10.0 kg)(334x10° J/kg) =-3.34x10° J. Q, for one cycle is —100 J, so 


|. —3.34x10° 
the number of cycles required is sere =3.34x10* cycles. 
-100 J/cycle 
EVALUATE: The results depend only on the maximum temperature of the gas, not on the number of moles or the 
maximum pressure. 


To ; i 
=1-—£, where T, and 7, must be in kelvins. 
H 


SETUP: T, =-90.0°C =183 K. 


IDENTIFY: eœ 


Carnot 


EXECUTE: (a) 7, = fe . For e=0.400, T, = SUERTE Ags K. For e=0.450, T, = jeg K. T; 
l-e 1- 0.400 1—0.450 

must be increased 28 K = 28 C°. 

(b) T, =(1—-e)T,, =(1-0.450)(305 K) =168 K. T, must be decreased 15 K =15 C°. 

EVALUATE: A Kelvin degree is the same size as a Celsius degree, so a temperature change AT has the same 

numerical value whether it is expressed in K or in C°. 
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20.40. IDENTIFY: Use the ideal gas law to calculate p and V for each state. Use the first law and specific expressions for 
Q, W, and AU for each process. Use Eq.(20.4) to calculate e. Q,, is the net heat flow into the gas. 
SETUP: y=1.40 
C, = Ry -1) =20.79 J/mol-K; C, =C, +R =29.10 J/mol-K. The cycle is sketched in Figure 20.40. 
p 


4 


T, =300 K 
T, =600 K 
1.00 atm l 3 T, =492 K 
y 
| 
Figure 20.40 
EXECUTE: (a) point 1 
p, =1.00 atm =1.013x10° Pa (given); pV =nRT; 
E nRT, z (0.350 mol)(8.3145 ack K) 862x102 m? 
p, 1.013x10° Pa 
point 2 


process 1—2 at constant volume so V, =V, =8.62x10° m° 

pV =nRT andn, R, V constant implies p,/T, = p,/T, 

P = p,(T,/T,) = (1.00 atm)(600 K/300 K) = 2.00 atm = 2.03x10° Pa 

point 3 

Consider the process 3 — 1, since it is simpler than 2 > 3. 

Process 3 —1 is at constant pressure so p, = p, =1.00 atm =1.013x10° Pa 

pV =nRT andn, R, p constant implies V/T =V,/T, 

V, =V (T, /T,) =(8.62 x 10° m*)(492 K/300 K) =14.1x10° m° 

(b) process 1 > 2 

constant volume (AV = 0) 

Q =nC,AT = (0.350 mol)(20.79 J/mol - K)(600 K -300 K) = 2180 J 

AV =0 and W =0. Then AU =Q-W =2180J 

process 2 > 3 

Adiabatic means Q = 0. 

AU =nC,AT (any process), so 

AU = (0.350 mol)(20.79 J/mol - K)(492 K — 600 K) = -780 J 

Then AU=Q-W gives W =Q -AU =+780 J. (It is correct for W to be positive since AV is positive.) 

process 3 > 1 

For constant pressure 

W = pAV =(1.013x10° Pa)(8.62x 10° m° —14.1x10° m°) =—560 J 

or W =nRAT = (0.350 mol)(8.3145 J/mol - K)(300 K — 492 K) = -560 J, which checks. (It is correct for W to be 

negative, since AV is negative for this process.) 

Q=nC,AT = (0.350 mol)(29.10 J/mol -K)(300 K — 492 K) = -1960 J 

AU =Q-W =-1960 J —(-560 K) = -1400 J 

or AU =nC,AT =(0.350 mol)(20.79 J/mol - K)(300 K — 492 K) =—-1400 J, which checks 

(c) Waa “Win +W +W, =9+ 780 J-560 J=+220 J 

(d) Qa =Q + Qr 43 +Q, = 2180 J+ 0-1960 J = +220 J 

Cre work output = 220 J 
heat energy input Q, 2180J 

e(Carnot) =1-7,./T,, =1—300 K/600 K = 0.500. 


=0.101=10.1%. 
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20.41. 


20.42. 


20.43. 


EVALUATE: Foracycle AU =0, so by AU =Q-W it must be that Q 


net 
that AU a =0: AU e =AU,_,, +AU,_,, + AU,_,, =2180 J—1050 J—1130J =0 
e<e(Carnot), as it must. 


=W, 


net 


for a cycle. We can also check 


1>2 3>1 


IDENTIFY: pV =nRT, so pV is constant when Tis constant. Use the appropriate expression to calculate Q and 


W for each process in the cycle. e= ua 
H 


SETUP: For an ideal diatomic gas, C, =3R and C, = R. 
EXECUTE: (a) p,V,=2.0x10° J. p,V, =2.0x10° J. pV =nRT so p,V, = p,V, says T, =T,,. 
(b) For an isothermal process, Q =W =nRT In(V,/V,). ab is a compression, with V, <V,, so Q <0 and heat is 


rejected. bc is at constant pressure, so Q =nC,AT = ra pAV. AV is positive, so Q > 0 and heat is absorbed. cd is 


at constant volume, so Q =nC,AT = Sy ap, Ap is negative, so Q <0 and heat is rejected. 


3 
© T, = Pee = maces =241K. T, =P =T, = 241K, 
nR (1.00)(8.314 J/mol-K) nR 
DAA 4.0x10° J 


=481K. 


€ nR — (1.00)(8.314 J/mol -K) 


0.0050 m° 


y, 
d) Q,, =nRT In| + | = (1.00 mol)(8.314 J/mol - K)(241 K)In 
(d) Q, =n a(%] (1.00 mol)( mol- K)( ) Era 


a 


J-130x10 J. 


Q,. =nC,AT = (1.00)G)(8.314 J/mol - K)(241 K) =7.01 x 10° J. 
Q., =nC,AT = (1.00)(3)(8.314 J/mol- K)( -241 K) =-5.01x10° J. Q a =Q,, +Q, + Q., =610 J. 
W a =Qrop = 610 J. 

wW 610 J 
© =O 70x0] 
EVALUATE: We can calculate W for each process in the cycle. W, 
W,, = pAV =(4.0x10° Pa)(0.0050 m°) =2.00x10° J. W, =0. Wa 
Qet 
(a) IDENTIFY and SET UP: Combine Eqs.(20.13) and (20.2) to eliminate Q, and obtain an expression for Q, in 
terms of W, T., and T}. 
W =1.00 J, T, =268.15 K, T, =290.15 K 
For the heat pump Q, >0 and Q, <0 


= 0.087 = 8.7% 


= 0, ==1,3910" J, 
=W p, +W, +W., =610 J, which does equal 


ab 


EXECUTE: W=Q,.+Q,; combining this with Qo = whe gives Q, = a z ron = 
O, Ta 1-T./T, 1—(268.15/290.15) 
(b) Electrical energy is converted directly into heat, so an electrical energy input of 13.2 J would be required. 


(c) EVALUATE: From part (a), Q,, = = QO, decreases as T, decreases. The heat pump is less efficient as 
ess ese =I 


the temperature difference through which the heat has to be “pumped” increases. In an engine, heat flows from Ty 


2J 


to T, and work is extracted. The engine is more efficient the larger the temperature difference through which the 
heat flows. 
IDENTIFY: 7, =T, and is equal to the maximum temperature. Use the ideal gas law to calculate 7,. Apply the 


appropriate expression to calculate Q for each process. e = F. AU =0 for a complete cycle and for an 
H 
isothermal process of an ideal gas. 


SETUP: For helium, C, =3R/2and C, =5R/2. The maximum efficiency is for a Carnot cycle, and 
Camo = 1- To / Ty. 
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EXECUTE: (a) Qn = Qa + Qpe- Onur = Qaa Trax a T, i T, = 327°C T 600 K. 


PaVa _ Ph >T, =P = | 600 K) = 200K. 
T, T, b 3 


nRT, _ (2 moles)(8.31 J/mol- K)(600 K) 
P, 3.0x10° Pa 


DV, =nRT, >V, = = 0.0332 m° 


Pr = Pele y, =y, P = (0.0332 m(?) =0.0997 m° =V, 


b c c 
Qn =nC,AT „ =(2 moo {38.31 J/mol-K)(400 K) = 9.97 x10° J 


“hav = nT, In "e =nRT, In 3. 


b 


Q, =W, =|, pav =f; 
Q, = (2.00 mol) (8.31 J/mol- K )(600 K)In 3 =1.10x10" J. Q, =O, +Q, =2.10x10* J. 
Qpa = Qua =NC,AT,, = (2.00 mon( >)(s.3 J/mol -K)(400 K) =1.66x10* J. 


b) O=AU+W =04+W >W =O, -Q =2.10x10* J-1.66x10* J=4.4x10° J. 


out 


4.4x10° J 
=W/Q, =————— =0.21=21%. 
e [Qn 2.10x w 0 
= e3 rL _ 200 K _ ~ 670 
(c) e max —= ecamot =] T, 600 K 0.67 67% 


EVALUATE: The thermal efficiency of this cycle is about one-third of the efficiency of a Carnot cycle that 
operates between the same two temperatures. 


20.44. IDENTIFY: Fora Carnot engine, 2- ae ecam = 1 ee | = ON - lol. QO, >0, QO. <0. pV =nRT. 
Qa Ta Ty 
SETUP: The work done by the engine each cycle is mgAy, with m=15.0 kgand Ay =2.00 m. 7, =773 K. 


Q, =500 J. 
EXECUTE: (a) The pV diagram is sketched in Figure 20.44. 
(b) W =mgAy = (15.0 kg)(9.80 m/s*)(2.00 m) = 294 J. |O,|=|0,,|- |W] = 500 J- 294 J = 206 J, and Q, =-206 J. 


r=-n(&)- -mK | | 318 K =45°C. 
Q 00 J 


H 


(c) e= 1-22 1-7-0, 589 = 58.9%. 
Ta 773K 
(d) |Q,| = 206 J. 
(e) The maximum pressure is for state a. This is also where the volume is a minimum, so 
V, =5.00 L=5.00x10° m°. T, =T, =773K. p,= nRT, _ (2.00 mol)(8.315 ah DUR K) 
y, 5.00x10™ m 


a 


=2.57x10° Pa. 


W 
EVALUATE: We can verify that e = — Ta the same value for e as calculated in part (c). 


Figure 20.44 
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20.45. 


20.46. 


t 
IDENTIFY: € max = €camot =1-T,/T,. panies E W=Q, Q: SO 


Qa O,/t 


W 
-& H Qu . For a temperature change 
t t 


Q=mcAT. 
SETUP: 7, =300.15K, T, =279.15 K. For water,  =1000 kg/m’, so a mass of 1 kg has a volume of 1 L. For 
water, c=4190 J/kg-K. 


; —1_279.15K _ 4 90 
EXECUTE: (a) e=1 300 15K 7.0%. 


(by Ge = fou _ 210 kW 39 mw, Le -21 39 mw-210 kw =2.8 MW. 
t e 0.070 t t t 


m _|Qe|/t _ (2.8x10° W) (3600 s/h) 
t caT (4190 J/kg -K) (4K) 
EVALUATE: The efficiency is small since 7, and T, don’t differ greatly. 


IDENTIFY: Use Eq.(20.4) to calculate e. 
SETUP: The cycle is sketched in Figure 20.46. 
P 


© =6x10° kg/h=6x10° L/h. 


A 
9 - 3 
“Py 7 k 


C, =5R/2 
for an ideal gas C, =C, +R =7R/2 
PoT | 4 


V 2V, 
0 0 
Figure 20.46 
SETUP: Calculate Q and W for each process. 


process 1 > 2 

AV =0 implies W =0 

AV =0 implies Q =nC,AT =nC,(T, -T,) 

But pV =nRT and V constant says pV =nRT, and p,V =nRT,. 

Thus (p, — p, V =nR(T, -T,); VAp =nRAT (true when V is constant). 

Then Q=nC,AT =nC,(V Ap/nR) =(C,/R)V Ap =(C,/R)V(2 py — Po) =(C,/R) pM. Q>0; heat is absorbed by 
the gas.) 


process 2 > 3 

Ap =0 so W = pAV = p(V, -V,) =2p,(2V, -V.) =2 pV, (W is positive since V increases.) 

Ap =0 implies Q=nC,AT =nC,(T, -T) 

But pV =nRT and p constant says pV, =nRT, and pV, =nRT,. 

Thus p(V,—V,) =nR(T, -T,); pAV =nRAT (true when p is constant). 

Then Q=nC,AT =nC,(pAVinR) = (C,/R) pAV =(C,/R)2 py (2V, —V,) =(C,/R)2pV. (Q > 0; heat is absorbed by 
the gas.) 


process 3 > 4 

AV =0 implies W =0 

AV =0 so 

Q= nC,AT = nC, (VAp/nR) = (C,/R)2V, (Po = 2 Po) = —2(C,/R) Po 
(Q <0 so heat is rejected by the gas.) 


process 4-1 
Ap =0 so W = pAV = pV, -V,) = Ppa —2%) =-PM) (W is negative since V decreases) 


Ap =0 so Q=nC,AT =nC, (pAVinR) =(C,/R)pAV =(C,/R) pV) — 2X) =(C,/R) pV (Q<0 so heat is 
rejected by the gas.) 
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total work performed by the gas during the cycle: 
Woa =W W, W, Wis =0+ 2p +0- Ph = DM 


tot 1>2 
(Note that W,,, equals the area enclosed by the cycle in the pV-diagram.) 


tot 


\ 1 
33 ' 347 


total heat absorbed by the gas during the cycle (Q,,): 
Heat is absorbed in processes 1 2 and 23. 


C, C, C, +2C, 
On =Q +Q = R Pho +2 R Pho = R Pho 
2(C, +R 3C, +2R 
But C, =C, +R so gia Ct an| < J 


total heat rejected by the gas during the cycle (Q, ): 
Heat is rejected in processes 3 — 4 and 4-1. 


C; C, 2C, +C, 
Qe =O; ,4+Q,,, =-2 R Pho R Pho = R Pho 


But C, =C, +R so Q, = AECE pg pe) 


R R 


efficiency 

Ww Ph aR o R 2 
QO, ([3C,+2RV/R)(pM%) 3C,+2R 3(5R/2)+2R 19 

e=0.105 =10.5% 


: R 3 2R 
EVALUATE: As a check on the calculations note that Q, + O, = [A = Ph+ | C, = ) Ph = PM =W., 


as it should. 


: W 
20.47. IDENTIFY: Use pV =nRT. Apply the expressions for Q and W that apply to each type of process. e= 0. 


H 


SETUP: For O,, C, =20.85 J/mol-K and C, = 29.17 J/mol- K. 
EXECUTE: (a) p,=2.00 atm, V,=4.00L, 7, =300 K. 


pesii a, E (EK aoo = 6.0 1 
as T, 300 K 


1 


Pr _ P T, 250 K 
V, =6.00 L. ; = 2.00 atm) =1.11 atm 
3 TT, P; E Jp ee ( ) 


3: 2 


y, 6.00 L 
V,=4.00 L. pV, = pV, =p,| > |=(1.11 atm =1.67 atm. 
4 P33 = Paa. Pa nf) ( [s =| 
These processes are shown in Figure 20.47. 
b) n= pV (2.00 atm)(4.00 L) -0.325 mol 


RT, (0.08206 L -atm/mol : K)(300 K) 
process 12: W = pAV =nRAT = (0.325 mol)(8.315 J/mol- K)(150 K) = 405 J. 
Q=nC,AT = (0.325 mol)(29.17 J/mol- K)(150 K) =1422 J. 
process 23: W =0. Q=nC,AT = (0.325 mol)(20.85 J/mol-K)(—200 K) = -1355 J. 


process 3-4: AU =0 and Q =W =nRT, mf% = (0.325 mol)(8.315 J/mol - K)(250 K) inf E) =-274 J. 


3 


process 4—1: W =0. Q=nC,AT = (0.325 mol)(20.85 J/mol- K)(50 K) = 339 J. 
(c) W =405 J—274 J=131J 


(d) e= E BII = 0.0744 = 7.44%. 
Q, 1422 J+339 J 
Bana] Ic =1 200 0.444 = 44.4%; ecan is much larger. 


T; 450K ii 
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EVALUATE: Q = +1422 J +(-1355 J) + (-274 J) +339 J =132 J. This is equal to W,,,, apart from a slight 


difference due to rounding. For a cycle, W,,, =Q since AU =0. 


p (atm) 

300K 450K 
2.00 F 
1.67 F 

250K 

LIF 

250K 

V(L) 
4.00 6.00 
Figure 20.47 


20.48. IDENTIFY and SETUP: For the constant pressure processes ab and cd calculate W and use the first law to 
calculate Q. Calculate Q,,, and use that W,,, =Q for a cycle. The coefficient of performance is given by 
Eq.(20.9); Q, is the net heat that goes into the system. The cycle is sketched in Figure 20.48. 

pP 


condenser 


Ap = 0 


b 


Q=0 

r compressor 

Q=0 

expansion 
valve 


d 


© AP=0 


evaporator 


Figure 20.48 


EXECUTE: (a) process c > d 
AU =U, -U, =1657x10° J—1005x10° J=6.52x10° J 
W= i pdV = pAV (since is a constant pressure process) 


W = (36310? Pa)(0.4513 m° —0.2202 m°) = +8.39x10* J (positive since process is an expansion) 
AU =O-W so O=AU +W =6.52x10° J+8.39x10* J=7.36x10° J. 


(Q positive so heat goes into the coolant) 


(b) process a—>b 

AU =U, -U, =1171x10° J-1969 x10? J =-7.98x10° J 

W = pAV = (2305 x10* Pa)(0.00946 m° — 0.0682 m°) =—-1.35x10° J 
(negative since AV <0 for the process) 

Q =AU +W =-7.98x10° J-1.35x10° J=-9.33x10° J 


(negative so heat comes out of coolant). 
(c) The coolant cannot be treated as an ideal gas, so we can’t calculate W for the adiabatic processes. But AU =0 


(for cycle) so Wa = Quet 
Q =0 for the two adiabatic processes, so Qa =Q +Q, =7.36x10° J—9.33x10° J=-1.97x10° J 


Thus W,,, =—1.97x10° J (negative since work is done on the coolant, the working substance). 


(d) K =Q./|W| =(+7.36x10° J)/(41.97 x 10° J) =3.74. 
Cc 


EVALUATE: W,,, <0 when the cycle is taken in the counterclockwise direction, as is the case here. 
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20.49. 


20.50. 


20.51. 


IDENTIFY: Use AU =Q-W and the appropriate expressions for Q, Wand AU for each type of process. 


pV =nRT relates AT to p and V values. e= aes where Q,, is the heat that enters the gas during the cycle. 
H 


Set Up: For a monatomic ideal gas, C, =3R and C, =3R. 


(a) ab: The temperature changes by the same factor as the volume, and so 
C 


Q=nC,AT = p Pela —V,) = (2.5)(3.00 x 10° Pa)(0.300 m°) = 2.25 x10°J. 

The work pAV is the same except for the factor of 2, so W =0.90x10° J. 

AU =Q-W =1.35x10° J. 

bc: The temperature now changes in proportion to the pressure change, and 

Q= (p. — p, V, =(1.5)(-2.00 x 10° Pa)(0.800 m°) = -2.40 x 10° J, and the work is zero 
(AV =0). AU =Q -W =-2.40x10° J. 


ca: The easiest way to do this is to find the work done first; W will be the negative of area in the p-V plane 
bounded by the line representing the process ca and the verticals from points a and c. The area of this trapezoid is 


+(3.00x 10° Pa +1.00x10° Pa)(0.800 m° — 0.500 m°) = 6.00 x10* J and so the work is —0.60x10° J. AU must 
be 1.05x10° J (since AU =0 for the cycle, anticipating part (b)), and so Q must be AU +W =0.45x10° J. 

(b) See above; O=W =0.30x10° J, AU =0. 

(c) The heat added, during process ab and ca, is 2.25 x10° J+0.45x10° J =2.70x10° J and the efficiency is 


pall -030x10 5 i 410%, 


Q, 270x10 
EVALUATE: For any cycle, AU =0 and Q =W. 


IDENTIFY: Use the appropriate expressions for Q, W and AU for each process. e=W/Q,, and ecano = 1 — Te / Tu- 
SeT UP: For this cycle, 7, =T, and T =7, 

EXECUTE: (a) ab: For the isothermal process, AT =0 and AU =0. 

W =nRT, n(Y, /V,)=nRTn(1/r)=-nRTln(r) and Q =W =-nRT, In(r). 

bc: For the isochoric process, AV =0 and W =0. Q = AU =nC,AT =nC,(T, -T). 

cd: As in the process ab, AU =0 and W =Q =nRT,In(r). 

da: As in process bc, AV =0 and W =0; AU =0 =nC,(T, -T,). 

(b) The values of Q for the processes are the negatives of each other. 

(c) The net work for one cycle is W « =nR(T, — T, )ln(r), and the heat added (neglecting the heat exchanged during 


net 


the isochoric expansion and compression, as mentioned in part (b)) is Q., = nRT, In(r), and the efficiency is 


=— =1-(Z/T,). This is the same as the efficiency of a Carnot-cycle engine operating between the two 
cd 
temperatures. 
EVALUATE: For a Carnot cycle two steps in the cycle are isothermal and two are adiabatic and all the heat flow 
occurs in the isothermal processes. For the Stirling cycle all the heat flow is also in the isothermal steps, since the 
net heat flow in the two constant volume steps is zero. 


; , ck W +W, 
IDENTIFY: The efficiency of the composite engine is e,, =—+— 


, where Q,,, is the heat input to the first engine 
H1 


and W and W, are the work outputs of the two engines. For any heat engine, W = Q, +Q, and for a Carnot engine, 
Qov Frew 
Orieh high 
SET UP: Orien? = -Qowi Towi =T’ Tiigi = Tao Tow2 = Te and Thigh = T'. 

Dow.2 


W +W. Ovien +Q, ; + Orion +0, 7 x : 
= ee Fow? Since Qiz =—Qrow,1» this reduces to e, =1+ 2, 


On Ovi Orign.1 


, where Q,,, and Q,,,, are the heat flows at the two reservoirs that have temperatures Tow and Thin, 


EXECUTE: œ, 


Ts T, Tori T TA oa T, , 
wa = Ou = 0. EE ov = —Q ion . This gives e,, =1-—&. The efficiency of 
Qow.2 Q, gh,2 Ta Qo, T' Q, gh,1 T T' Q, gh,1 T, JT 8 12 T, y 


the composite system is the same as that of the original engine. 
EVALUATE: The overall efficiency is independent of the value of the intermediate temperature T". 
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20.52. 


20.53. 


IDENTIFY: e= 1 1 day =8.64x10* s. For the river water, Q =mcAT, where the heat that goes into the water 
H 


is the heat Q, rejected by the engine. The density of water is 1000 kg/m*. When an object undergoes a 
temperature change, AS = mcIn(Z,/T,). 
SETUP: 18.0°C =291.1K. 18.5°C = 291.6 K. 
Py _ 1000 MW 
0.40 
(b) The heat input in one day is (2.50x10" W)(8.64 x10* s) =2.1610'* J. The mass of coal used per day is 
2.1610" J 
2.65x10' J/kg 
(c) |Ou;=|W|+|Qcl- |Qcl=|Qu|-|W|- P; = Pı -Py = 2.50 10° MW -1000 MW =1.50x10° MW. 
(d) The heat input to the river is 1.50x10° J/s. Q =mcAT and AT =0.5 C° gives 
Q 1.50x10° J 


=2.50x10 MW. 


W 
EXECUTE: (a) Q, =— so F,= 
e 


=8.15x10° kg. 


m= = =7.16x10° kg. V =~=716 m°. The river flow rate must be 716 m3/s. 
cAT (4190 Wkg-K)(0.5 K) 2 
(e) In one second, 7.16x10° kg of water goes from 291.1 K to 291.6 K. 


291.6K 
291.1K 


EVALUATE: The entropy of the river increases because heat flows into it. The mass of coal used per second is huge. 
(a) IDENTIFY and SET Up: Calcualte e from Eq.(20.6), Q, from Eq.(20.4) and then W from Eq.(20.2). 


EXECUTE: e=1-1/(r7"')=1-1/(10.6°*) =0.6111 

e=(Q,+Q,)/Q, and we are given Q, =200 J; calculate Q, 

OQ. =(e-)Q, = (0.6111—1)(200 J) =—-78 J (negative since corresponds to heat leaving) 
Then W = Q, +Q, =—-78 J+ 200 J=122 J. (Positive, in agreement with Fig. 20.6.) 
EVALUATE: Q,, W>0, and Q. <0 for an engine cycle. 


(b) IDENTIFY and SET UP: The stoke times the bore equals the change in volume. The initial volume is the final 
volume V times the compression ratio r. Combining these two expressions gives an equation for V. For each 
cylinder of area A = (d /2} the piston moves 0.864 m and the volume changes from rV to V, as shown in 
Figure 20.53a. 


AS = mei 2] =(7.16x10° kg)(4190 Yke:K)in( 


1 


J=s110 J/K. 


LA=rV 

LA=V 

and 

1, -1, =86.4x10° m 


Figure 20.53a 


EXECUTE: /A—-1,A=rV—-V and (,-1)A=(r-lIV 

(,-L)A _ (86.4x10° m)z(41.25x10° m)? 
r-1 10.6-1 

At point a the volume is rV =10.6(4.811x10° m°) =5.10x107 m°. 

(c) IDENTIFY and SET Up: The processes in the Otto cycle are either constant volume or adiabatic. Use the Q, 

that is given to calculate AT for process bc. Use Eq.(19.22) and pV =nRT to relate p, V and T for the adiabatic 

processes ab and cd. 

EXECUTE: point a: T,=300K, p, =8.50x10* Pa, and V, =5.10x10% m° 


V= 


=4.811x10° m? 


point b: V, =V,/r =4.81x10° m°. Process a —>b is adiabatic, so TV7' =T, V7. 
LEVYT =n" 

T, =T r” =300 K(10.6)"* =771 K 

pV =nRT so pV /T =nR =constant, so p,V,/T, = p,V,/T, 

p, = pV, IV, KT, /T,) = (8.50 10" Pa\(rV /V)(771 K/300 K) = 2.32 10° Pa 
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point c: Process bc is at constant volume, so V, =V, =4.81x10° m° 

Qa =nC,AT =nC,(T, —T,). The problem specifies Q, = 200 J; use to calculate T.. First use the p, V, T values at 

point a to calculate the number of moles n. 

Pee (8.50x10* Pa)(5.10x10~ m°) 
RT (8.3145 J/mol-K)(300 K) 

Then 7, -T,= Qu _ ae 

nC, (0.01738 mol)(20.5 J/mol: K) 

p/T =nR/V =constant so p,/T, = p,/T, 

p. = p,(T./T,) =(2.3210° Pa)(1332 K/771 K) =4.01x10° Pa 

point d: V, =V, =5.10x107 m? 


=0.01738 mol 


=561.3 K, and T, =T, +561.3 K =771 K +561 K =1332 K 


process c — d is adiabatic, so TV =T, V7 

LE Sry 

TST fre =1332 R06 =518 K 

PV./T, = PaVa l Ta 

Pa = pV. 1V, XT, /T,) =(4.01x10° PaX(V /rV)(518 K/1332 K) =1.47x10° Pa 
EVALUATE: Can look at process d >a as a check. 


OQ. =nC,(T, —T,) =(0.01738 mol)(20.5 J/mol - K)(300 K -518 K) = -78 J, which agrees with part (a). The cycle 
is sketched in Figure 20.53b. 


p 


p. = 4.01 X 10° Pa 


p, = 2.32 X 10°Pa 


p,= 147 X 10° Pa 
a 


p = 8.50 X 10° Pa 
a 


4.81 X 1075 m? 5.10 X 1074m? 


Figure 20.53b 


(d) IDENTIFY and SET UP: The Carnot efficiency is given by Eq.(20.14). 7, is the highest temperature reached 
in the cycle and T, is the lowest. 

EXECUTE: From part (a) the efficiency of this Otto cycle is e = 0.611 = 61.1%. 

The efficiency of a Carnot cycle operating between 1332 K and 300 K is 

e(Carnot) =1- T, /Ta =1-300 K/1332 K =0.775 =77.5%, which is larger. 


EVALUATE: The 2nd law requires that e < e(Carnot), and our result obeys this law. 
_ |e 


IDENTIFY: K à 
W 


TON = rom + Ww]. The heat flows for the inside and outside air occur at constant T, so 


AS =Q/T. 
SETUP: 21.0°C = 294.1K. 35.0°C =308.1 K. 
EXECUTE: (a) |Q.|=K|W]. P. = KPy =(2.80)(800 W) =2.24x10° W. 
(b) P, =P. + Py =2.24x10° W +800 W =3.04x10° W. 
1.094107 J 


(tn 1h= 3600's. 0; =P 1.004107 F ag; = Se et? I: 
T, 3084 
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(d) Q, = Pt =8.064x10° J. Heat Q, is removed from the inside air. 
6 
= We BOGAN TS _9.74x10' HK, AS, = AS, + AS, = 8.110? JK 
To 294.1 K 
EVALUATE: The increase in the entropy of the outside air is greater than the entropy decrease of the air in the 
room. 
IDENTIFY and SET UP: Use Eq.(20.13) for an infinitesimal heat flow dQ, from the hot reservoir and use that 


AS. 


expression with Eq.(20.19) to relate AS,,, the entropy change of the hot reservoir, to rom 
(a) EXECUTE: Consider an infinitesimal heat flow dQ, that occurs when the temperature of the hot reservoir is 7’: 
dQ. =AT,/T)d0, 


lQ.|=T% jo 


(b) The 1.00 kg of water (the high-temperature reservoir) goes from 373 K to 273 K. 
Qa =mcAT = (1.00 kg)(4190 J/kg -K)(100 K) = 4.19 x10° J 

AS,, = mcln(T, /T,) = (1.00 kg)(4190 J/kg - K) In(273/373) = —1308 J/K 

The result of part (a) gives |Q,| = (273 K)(1308 J/K) =3.57x10° J 


Q, comes out of the engine, so Q, =-3.57x10° J 

Then W =Q, +Q, =-3.57x10° J+.4.19x10° J=6.2x10* J. 

(c) 2.00 kg of water goes from 323 K to 273 K 

Qa =-mcAT = (2.00 kg)(4190 J/kg -K)(50 K) = 4.19x10° J 

AS, = mceIn(T,/T,) = (2.00 kg)(4190 J/kg -K)In(272/323) = -1.41x10° J/K 

QO, =-T.|AS,,| =-3.85x10° J 

W =Q, +Q, =3.4x10' J 

(d) EVALUATE: More work can be extracted from 1.00 kg of water at 373 K than from 2.00 kg of water at 323 K 
even though the energy that comes out of the water as it cools to 273 K is the same in both cases. The energy in the 
323 K water is less available for conversion into mechanical work. 


IDENTIFY: The maximum power that can be extracted is the total kinetic energy K of the mass of air that passes 
over the turbine blades in time ¢. 


SET Up: The volume of a cylinder of diameter d and length L is (zd*/4)L. Kinetic energy is mv’. 
EXECUTE: (a) The cylinder described contains a mass of air m = p(ad* / 4)L, and so the total kinetic energy is 


K = p(a/8)d’Lv’. This mass of air will pass by the turbine in a time t = L/v, and so the maximum power is 


P= £ = p(x/8)d’v*. Numerically, the product p,,(z/8) = 0.5 kg/m* =0.5 W-s*/m*. This completes the proof. 
ifs é 1/3 
(b) »=(2%) EE aai W023: =14 m/s =50 km/h. 
kd (0.5 W-s*/m*)(97 m) 


(c) Wind speeds tend to be higher in mountain passes. 


EVALUATE: The maximum power is proportional to v°, so increases rapidly with increase in wind speed. 


IDENTIFY: For a Carnot device, T = zee. W=0,+Q¢. 
Ta On 
SETUP: Q,=1000J. 10.0°C =283.1K. 35.0°C =308.1 K. 15.0°C = 288.1 K. 


308.1K 
283.1K 


EXECUTE: (a) Q, = (o. = Jaooo J) =-1.088x10? J. W =1000 J+ (-1.088x10° J) =-88 J. 
Cc 


288.1K 
283.1 K 
(c) The pV-diagrams for the two Carnot cycles are sketched in Figure 20.57. 


(b) Now Q, -{ Jaooo J)=-1.018x10° J. W =1000 J +(-1.018x10° J) =-18 J. 
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EVALUATE: More work must be done to move the heat energy through a greater temperature difference. 
pP 


332C 

2G 

IOC 
V 


Figure 20.57 


20.58. IDENTIFY and SETUP: First use the methods of Chapter 17 to calculate the final temperature T of the system. 
EXECUTE: 0.600 kg of water (cools from 45.0°C to T) 
Q = mcAT = (0.600 kg)(4190 J/kg -K)(T —45.0°C) = (2514 J/K)T -1.1313 x10° J 


0.0500 kg of ice (warms to 0°C, melts, and water warms from 0°C to T) 

Q = mc, (0°C —(-15.0°C)) + mL, + Mc aa (T —0°C) 

Q =0.0500 kg[ (2100 J/kg - K)(15.0°C) + 334 x10° J/kg + (4190 J/kg -K)(T — 0°C) | 
Q =1575 J +1.67 x104 J + (209.5 J/K)T =1.828 x10* J + (209.5 J/K)T 

Qem =0 gives (2514 J/K)T -1.1313x10° J +1.828x10* J + (209.5 J/K)T =0 
(2.724x10° J/K)T =9.485 x10* J 

T = (9.485 x10* J)/(2.724x10° J/K) =34.83°C =308 K 


EVALUATE: The final temperature must lie between —15.0°C and 45.0°C. A final temperature of 34.8°C is 
consistent with only liquid water being present at equilibrium. 
IDENTIFY and SET UP: Now we can calculate the entropy changes. Use AS =Q/T for phase changes and the 


method of Example 20.6 to calculate AS for temperature changes. 

EXECUTE: ice: The process takes ice at —15°C and produces water at 34.8°C. Calculate AS for a reversible process 
between these two states, in which heat is added very slowly. AS is path independent, so AS for a reversible process 
is the same as AS for the actual (irreversible) process as long as the initial and final states are the same. 


AS = f aonr, where T must be in kelvins 


For a temperature change dQ =mcdT so AS = in (mc/T)dT =mcln(T,/T). 


For a phase change, since it occurs at constant T, 
AS =f °dQ/T =O/T =4mL/T. 


Therefore AS e = mce,,, In(273 K/258 K) + mL, /273 K +mMC ane (308 K/273 K) 
AS... = (0.0500 kg)[(2100 J/kg -K)In(273 K/258 K) + (334x10° J/kg)/273 K + (4190 J/kg-K)In(308 K/273 K)] 
AS; =5.93 J/K + 61.17 J/K + 25.27 J/K =92.4 J/K 
water: AS aer = mc|n(T, /T,) = (0.600 kg)(4190 J/kg - K)In(308 K/318 K) = -80.3 J/K 
For the system, AS = AS... + AS ae =92.4 J/K —80.3 J/K = +12 J/K 
EVALUATE: Our calculation gives AS >0, as it must for an irreversible process of an isolated system. 
20.59. IDENTIFY: Apply Eq.(20.19). From the derivation of Eq. (20.6), T, =r’ '7, and T, =r’"T,. 
SET Up: Fora constant volume process, dQ =nC,dT. 


water 


EXECUTE: (a) Fora constant-volume process for an ideal gas, where the temperature changes from T; to T, 


i T i 


(b) The total entropy change for one cycle is the sum of the entropy changes found in part (a); the other 
processes in the cycle are adiabatic, with Q=0 and AS = 0. The total is then 


AS = nC, | ue nC, e } The entropy changes are nC,In(7./T,) and nC,In(T,/T,). 


T, T, TT, \ TT, SFO Ek 

AS =nC,In=*+nC,In— = nC, m| = |, ie da 1, In(l)=0, so AS =0. 
T, T TA) D. TA, 

(c) The system is not isolated, and a zero change of entropy for an irreversible system is certainly possible. 

EVALUATE: In an irreversible process for an isolated system, AS >0. But the entropy change for some of the 

components of the system can be negative or zero. 
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20.62. 


Q 


IDENTIFY: For a reversible isothermal process, AS = F For a reversible adiabatic process, Q =0 and AS = 0. 


The Carnot cycle consists of two reversible isothermal processes and two reversible adiabatic processes. 
SETUP: Use the results for the Stirling cycle from Problem 20.50. 
EXECUTE: (a) The graph is given in Figure 20.60. 


(b) For a reversible process, dS = ae and so dQ =T dS, and Q= [ao = [r dS, which is the area under the curve 
in the TS plane. 


(c) Q, is the area under the rectangle bounded by the horizontal part of the rectangle at 7, and the verticals. |Q, | 
is the area bounded by the horizontal part of the rectangle at T, and the verticals. The net work is then Q,,—| Qc |, 


the area bounded by the rectangle that represents the process. The ratio of the areas is the ratio of the lengths of the 
S ; 7 ee ; W T-T 
vertical sides of the respective rectangles, and the efficiency is e = — = = 
H H 
(d) As explained in Problem 20.50, the substance that mediates the heat exchange during the isochoric expansion 
and compression does not leave the system, and the diagram is the same as in part (a). As found in that problem, 
the ideal efficiency is the same as for a Carnot-cycle engine. 
EVALUATE: The derivation of ecamot using the concept of entropy is much simpler than the derivation in 
Section 20.6, but yields the same result. 


T 


isothermal 
adiabatic adiabatic 


isothermal 


Figure 20.60 
Q 


IDENTIFY: The temperatures of the ice-water mixture and of the boiling water are constant, so AS = T The heat 


flow for the melting phase transition of the ice is Q=+mL,. 
SET Up: For water, L, = 3.34x10° J/kg. 


EXECUTE: (a) The heat that goes into the ice-water mixture is 
O=mL, = (0.160 kg)(3.34x10° J/kg) =5.34x10* J. This is same amount of heat leaves the boiling water, so 


Q -5.34x107 J _ 


AS = 143 J/K. 
T 373K 
34104 
(Ae se aa foe TR 
T 273K 


(c) For any segment of the rod, the net heat flow is zero, so AS =0. 
(d) AS,,, =-143 J/K +196 J/K = +53 J/K. 


EVALUATE: The heat flow is irreversible, since the system is isolated and the total entropy change is positive. 
IDENTIFY: Use the expression derived in Example 20.6 for the entropy change in a temperature change. 
SET Up: For water, c=4190 J/kg-K. 20°C =293.15 K, 65°C =338.15 K and 120°C =393.15 K. 
EXECUTE: (a) AS =mcln(T,/T,) =(250x10~ kg)(4190 J/kg -K)In(338.15 K/293.15 K) =150 J/K. 
-3 

(b) AS = mcAT _ (250x10~ kg)(4190 J/kg -K)(338.15 K -293.15 K) -120 WK. 

element 3 93 : 1 5 K 
(c) The sum of the result of parts (a) and (b) is AS sem = 30 J/K. 


system 
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EVALUATE: (d) Heating a liquid is not reversible. Whatever the energy source for the heating element, heat is 
being delivered at a higher temperature than that of the water, and the entropy loss of the source will be less in 
magnitude than the entropy gain of the water. The net entropy change is positive. 

IDENTIFY: Use the expression derived in Example 20.6 for the entropy change in a temperature change. For the 
value of T for which AS is amaximum, d(AS)/dT =0. 


SETUP: The heat flow for a temperature change is Q = mcAT 

EXECUTE: (a) As in Example 20.10, the entropy change of the first object is m,cln(7/T,) and that of the second 
is m,c,In(T"/T ,), and so the net entropy change is as given. Neglecting heat transfer to the surroundings, 

Q, +Q, =0, mc,(T —T,)+m,c,(T’ —T,) =0, which is the given expression. 


(b) Solving the energy-conservation relation for T' and substituting into the expression for AS gives 


T T T ; set ; ; ae 
AS = meta| Z] +m,c, mf: -— zaz — i) Differentiating with respect to T and setting the derivative equal to 
1 2 2 


4 (enem EVD) . This may be solved for T = 
T T mc, +m,c, 
1—(me,/m,c,) 


T + T, ; ; 
Tira Tata Using this value for T 


0 gives 0= mh 
a | 
T, T, 


mc T, +m,c,T, 


in the conservation of energy expression in part (a) and solving for T' gives T’ = . Therefore, 


me, + M,C, 
T =T' when AS is a maximum. 


EVALUATE: (c) The final state of the system will be that for which no further entropy change is possible. If 
T <T’, it is possible for the temperatures to approach each other while increasing the total entropy, but when 


T =T’, no further spontaneous heat exchange is possible. 

IDENTIFY: Calculate Q, and Q,,in terms of p and V at each point. Use the ideal gas law and the pressure-volume 
lel 

[Onl 

SETUP: Foran ideal gas, C, =C, +R, and taking air to be diatomic, C, =4R, C, =R and y=ż4. 


relation for adiabatic processes for an ideal gas. e =1-— 


EXECUTE: Referring to Figure 20.7 in the textbook, Q, = n4 R(T. -T,)=4(p.V.— p,V,). Similarly, 
Qe =n R(p,V, — pV). What needs to be done is to find the relations between the product of the pressure and the 


PY. _ PVs 


volume at the four points. For an ideal gas, T 
b 


so pV. = pV, =} For a compression ratio r, and given 
c 7 a 7 
that for the Diesel cycle the process ab is adiabatic, p,V, = pV, Z) = p,V,r’"'. Similarly, pV, = pV, () ; 
Note that the last result uses the fact that process da is isochoric, aa V,=V,; also, p, = p, (process bc is isobar); 
and so V, =V, p Then, 


a 


a 


V, T, T, V, T, (TIVON L, 
Ms Mae: aie 
V, T, T, V, T, Tye? V, T, 


y 
Combining the above results, p,V, = pV, (= r’” . Substitution of the above results into Eq. (20.4) gives 


e= 
7 T5 Lae 
T, 
; -0.56 _ T i 
(b) e=1 aw (5-002)7 a , where — = 3.167 and y =1.40 have been used. Substitution of r= 21.0 yields 
1.4] (3.167)-r° T, 


e =0.708 = 70.8%. 
EVALUATE: The efficiency for an Otto cycle with r =21.0 and y =1.40is e=1-r'” =1-(21.0)°” = 70.4%. 
This is very close to the value for the Diesel cycle. 


ELECTRIC CHARGE AND ELECTRIC FIELD 
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21.2. 


21.3. 


21.4. 


(a) IDENTIFY and SET Up: Use the charge of one electron (—1.602x10™"° C) to find the number of electrons 

required to produce the net charge. 

EXECUTE: The number of excess electrons needed to produce net charge q is 

q4 -3.20x10° C 

-e —1.602x10™ C/electron 

(b) IDENTIFY and SETUP: Use the atomic mass of lead to find the number of lead atoms in 8.00x10~ kg of 

lead. From this and the total number of excess electrons, find the number of excess electrons per lead atom. 

EXECUTE: The atomic mass of lead is 207 x10™° kg/mol, so the number of moles in 8.00x10~ kg is 

o mą  8.00x10~ kg 

M 207x10” kg/mol 

number of lead atoms is N = nN, = (0.03865 mol)(6.022 x10” atoms/mol) = 2.328x10” atoms. The number of 

2.00 x10"° electrons 


2.32810” atoms 

EVALUATE: Even this small net charge corresponds to a large number of excess electrons. But the number of 
atoms in the sphere is much larger still, so the number of excess electrons per lead atom is very small. 
IDENTIFY: The charge that flows is the rate of charge flow times the duration of the time interval. 

SETUP: The charge of one electron has magnitude e=1.60x10"” C. 

EXECUTE: The rate of charge flow is 20,000 C/s and t=100 ws =1.00x10™ s. 


=2.00x10"° electrons. 


= 0.03865 mol. N, (Avogadro’s number) is the number of atoms in 1 mole, so the 


excess electrons per lead atom is =8.59x10™. 


Q = (20,000 C/s)(1.00x10* s) =2.00 C. The number of electrons is n, = lee =1.25x10". 
1.60x10°" C 


EVALUATE: This is a very large amount of charge and a large number of electrons. 
IDENTIFY: From your mass estimate the number of protons in your body. You have an equal number of electrons. 
SETUP: Assume a body mass of 70 kg. The charge of one electron is —1.60x10"" C. 


27 


EXECUTE: The mass is primarily protons and neutrons of m =1.67x10~" kg. The total number of protons and 


70 kg 


neutrons is 1, man =——>——=s — = 4.210%. About one-half are protons, so n, =2.1x 10 =n,. The number of 
padn 1 67x10 kg 


electrons is about 2.1x10**. The total charge of these electrons is 

Q =(-1.60x10~” C/electron)(2.10 x10** electrons) = -3.35 x10° C. 

EVALUATE: This is a huge amount of negative charge. But your body contains an equal number of protons and 
your net charge is zero. If you carry a net charge, the number of excess or missing electrons is a very small fraction 
of the total number of electrons in your body. 

IDENTIFY: Use the mass m of the ring and the atomic mass M of gold to calculate the number of gold atoms. 
Each atom has 79 protons and an equal number of electrons. 


SETUP: N, =6.02x10” atoms/mol. A proton has charge +e. 


EXECUTE: The mass of gold is 17.7 g and the atomic weight of gold is 197 g/mol. So the number of atoms 


17.7g 
197 g/mol 


n, = (79 protons/atom)(5.41x 10” atoms) = 4.27 x10” protons . Q =(n,)(1.60x 10° C/proton) = 6.83x10° C. 


(b) The number of electrons is n, =n, = 4.27 x10”. 


is Mn = (6.02 x10” atoms/moD( ) =5.41x10” atoms. The number of protons is 


EVALUATE: The total amount of positive charge in the ring is very large, but there is an equal amount of negative 
charge. 
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21.5. IDENTIFY: Apply F= kaal and solve for r. 
r 
SETUP: F=650N. 
k 9 2 2 2 
EXECUTE: r | CKA = [sox I CAS ee 3.7x10° m=3.7 km 
F 650 N 
EVALUATE: Charged objects typically have net charges much less than 1 C. 
21.6. IDENTIFY: Apply Coulomb's law and calculate the net charge q on each sphere. 
SETUP: The magnitude of the charge of an electron is e=1.60x10"" C. 
1 2 
EXECUTE: F= A This gives |q| = /47,Fr? = [47¢,(4.57 x 107! N)(0.200 m)? =1.43x10™ C. And 
therefore, the total number of electrons required is n =|g|/e =(1.43x10°'° C)/(1.60x10™ C/electron) = 890 electrons. 
EVALUATE: Each sphere has 890 excess electrons and each sphere has a net negative charge. The two like 
charges repel. 

21.7. IDENTIFY: Apply Coulomb’s law. 

SET Up: Consider the force on one of the spheres. 
(a) EXECUTE: 4,=4,=4 
1 4 ; 

F= ECAR T- oger s050 mj 0.220N __ =7.42x10” C (on each) 

4r r A4reyr (1/476) 8.988x10° N-m^/C 
(b) q, =4q, 

Aq? 

F= ! ical _ Ki 5 30 q =r £ =tr a =4(7.42x107 C)=3.71x107 C. 

4ng r 4rgr 4(1/47,) (1/476) 
And then q, = 4q, =1.48x10° C. 
EVALUATE: The force on one sphere is the same magnitude as the force on the other sphere, whether the sphere 
have equal charges or not. 

21.8. IDENTIFY: Use the mass of a sphere and the atomic mass of aluminum to find the number of aluminum atoms in 
one sphere. Each atom has 13 electrons. Apply Coulomb's law and calculate the magnitude of charge ql on each 
sphere. 

SETUP: N, =6.02x10” atoms/mol. |q|= n!e , where n; is the number of electrons removed from one sphere 
and added to the other. 
EXECUTE: (a) The total number of electrons on each sphere equals the number of protons. 
PEE Se 7d Clectonts: 
K 0.026982 kg/mol 

1 g a 
(b) For a force of 1.00 x10* N to act between the spheres, F =1.00x10* N = Ioa . This gives 

TE r 
|q| = Jára (1.00 x 10* N)(0.0800 m)? = 8.43 x10% C . The number of electrons removed from one sphere and 
added to the other is n! =|g|/e =5.27x10" electrons. 
(Q) n/n, =7.27x10"°. 
EVALUATE: When ordinary objects receive a net charge the fractional change in the total number of electrons in 
the object is very small . 

21.9. IDENTIFY: Apply F =ma, with F -plat 
r 


SETUP: a=25.0g =245 m/s’. An electron has charge —e = —1.60x10™" C. 
2 


EXECUTE: F =ma=(8.55x10° kg)(245 m/s”) = 2.09 N . The spheres have equal charges q, so F = kL and 
r 


6 
lg|=r = =(0.150 mj a N say = 2.29x10° C. N= lal = ae $ =1.43x10" electrons . The 
k 8.99x10° N-m*/C e 160x100" C 


charges on the spheres have the same sign so the electrical force is repulsive and the spheres accelerate away from 
each other. 
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21.10. 


21.11. 


21.12. 


EVALUATE: As the spheres move apart the repulsive force they exert on each other decreases and their 
acceleration decreases. 

(a) IDENTIFY: The electrical attraction of the proton gives the electron an acceleration equal to the acceleration 
due to gravity on earth. 


SET Up: Coulomb’s law gives the force and Newton’s second law gives the acceleration this force produces. 


2 
ee and r= L. 
4re, r 4rema 


(9.00x10° N- m?/C?)(1.60x10 C) 
(9.11x10 kg)(9.80 m/s?) 


EXECUTE: r= = 5.08 m 


EVALUATE: The electron needs to be about 5 m from a single proton to have the same acceleration as it receives 
from the gravity of the entire earth. 

(b) IDENTIFY: The force on the electron comes from the electrical attraction of all the protons in the earth. 

SET Up: First find the number n of protons in the earth, and then find the acceleration of the electron using 
Newton’s second law, as in part (a). 


n = m/m, = (5.97 x 10% kg)/(1.67 x 10” kg) = 3.57 x 10°! protons. 


1 404. it oe 
4ra Ri _ 47, 


a= F/m = 


2 
m m Ri 


e 


EXECUTE: a = (9.00 x 10° N- m’/C’)(3.57 x 10°')(1.60 x 10° C)*/[(9.11 x 10°! kg)(6.38 x 10° m)’] = 2.22 x 
10*° m/s”. One can ignore the gravitation force since it produces an acceleration of only 9.8 m/s? and hence is much 
much less than the electrical force. 

EVALUATE: With the electrical force, the acceleration of the electron would nearly 10° times greater than with 
gravity, which shows how strong the electrical force is. 

IDENTIFY: Ina space satellite, the only force accelerating the free proton is the electrical repulsion of the other 
proton. 

SETUP: Coulomb’s law gives the force, and Newton’s second law gives the acceleration: a = F/m = 

(1/476) (e7/r° yim. 


EXECUTE: (a) a = (9.00 x 10° N- m7/C’)(1.60 x 10°? C)*/[(0.00250 m)°(1.67 x 10” kg)] = 2.21 x 10° m/s’. 

(b) The graphs are sketched in Figure 21.11. 

EVALUATE: The electrical force of a single stationary proton gives the moving proton an initial acceleration 
about 20,000 times as great as the acceleration caused by the gravity of the entire earth. As the protons move 
farther apart, the electrical force gets weaker, so the acceleration decreases. Since the protons continue to repel, the 
velocity keeps increasing, but at a decreasing rate. 


a U 


Figure 21.11 


IDENTIFY: Apply Coulomb’s law. 
SET UP: Like charges repel and unlike charges attract. 


0.550x10° C 
ae: laal pis gives 0.200 N = = ia yp a 
30m 


4me, r 47, 


EXECUTE: (a) F= 


and lanl =+3.64x10° C. The 


force is attractive and q, <0, so g,=+3.64x10° C. 
(b) F =0.200 N. The force is attractive, so is downward. 
EVALUATE: The forces between the two charges obey Newton's third law. 
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21.13. 


21.14. 


21.15. 


21.16. 


21.17. 


IDENTIFY: Apply Coulomb’s law. The two forces on q, must have equal magnitudes and opposite directions. 
SET Up: Like charges repel and unlike charges attract. 


CEA and is in the +x direction. F, must be in 


n 


the —x direction, so q, must be positive. F, = F, gives palal = jell! ; 


n h 


EXECUTE: The force F, that q, exerts on q, has magnitude F, =k 


2 2 
7 2.00 4 
= +] =(3.00 = 0.750 nC. 
a, (2) 0025 cm Š 


EVALUATE: The result for the magnitude of q, doesn’t depend on the magnitude of q, . 
IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on Q. 
SETUP: The force that q, exerts on Q is repulsive, as in Example 21.4, but now the force that q, exerts is 


attractive. 
EXECUTE: The x-components cancel. We only need the y-components, and each charge contributes equally. 


1 (2.0x10° C) (4.0x10° ©) 
4TE (0.500 m)? : 
2F =0.35 N, in the -y-direction . 

EVALUATE: If q, is —2.0 uC and gq, is +2.0 uC , then the net force is in the +y-direction. 


ina =—0.173 N (since sing =0.600). Therefore, the total force is 


IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on q, . 


SET Up: Like charges repel and unlike charges attract, so F, and F, are both in the +x-direction. 


1:43 


2 
h3 


EXECUTE: F, -ptl 6.749x10° N, F, =k 


hy 
F =1.8x10~ N and is in the +x-direction. 


EVALUATE: Comparing our results to those in Example 21.3, we see that F, „3 =—F,,,,,, a8 required by 


=1.124x10°N. F =F, + F, =1.8x10* N. 


Newton’s third law. 
IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on q, . 


SETUP: F 


2on1 


is in the +y-direction. 
9 2/2 6 P 
r A O 00 0) 
(0.60 m) 


=0.100N . (F, n1), =0 and 


(Foii 


), =+0.100 N. F, 


Qonl 


is equal and opposite to F; „nọ (Example 21.4), so (F; s :) =-0.23N and 


x 


(Fes 


), =0.17N. F, =(F a1), +(F, 


Q onl 


) =-0.23N. F, =(F,a1), +(F, 


Qonl 


The magnitude of the total force is F = (0.23 NÝ + (0.27 Ny =0.35N. tan” ni =40°,so F is 


) =0.100 N +0.17 N =0.27N. 


40° counterclockwise from the +y axis, or 130° counterclockwise from the +x axis. 
EVALUATE: Both forces on q, are repulsive and are directed away from the charges that exert them. 


IDENTIFY and SETUP: Apply Coulomb’s law to calculate the force exerted by q, and q, on q,. Add these 
forces as vectors to get the net force. The target variable is the x-coordinate of q,. 


EXECUTE: F, is in the x-direction. 


F, -plt 337 N, so F,, = +3.37 N 
Np 


F, =F,, + F, and F, =—7.00 N 
F,, = F.-F,, = -7.00 N -3.37 N = -10.37 N 


For F,, to be negative, q, must be on the —x -axis. 


K =k 


aal sð |x|= Haml 9.144 m, sox = —0.144 m 


2 
x 3 


EVALUATE: q, attracts q, inthe +x-direction so q, must attract q, in the —x-direction, and q, is at negative x. 
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21.18. 


21.19. 


21.20. 


IDENTIFY: Apply Coulomb’s law. 
SET Up: Like charges repel and unlike charges attract. Let F,, be the force that q, exerts on q, and let F, be 
the force that q, exerts on gq, . 

EXECUTE: The charge q, must be to the right of the origin; otherwise both q, and q, would exert forces in the 
+x direction. Calculating the two forces: 

— 1 [aa] 9x10? N-m?/C?)(3.00 x 10° C)(5.00 x 10° C) 
Ane o (0.200 m)? 

_ (9x10 N-m?/C’) (3.00 x 10° C) (8.00x 10° C) _ 0.216 N-m? 
= 2 z 2 


h3 n3 


.216N-m? .216N-m? 
Weted Bom Gre 4 0ON e387 Ne 25 oN he N iat 
re 3.375 N +7.00 N 


is at x=0.144 m. 
EVALUATE: F;,=10.4N. F, is larger than F,, because |g,| is larger than |q,| and also because 7;, is less than 7). 


= 3.375 N, in the +x direction. 


21 


F 


31 , in the —x direction. 


IDENTIFY: Apply Coulomb’s law to calculate the force each of the two charges exerts on the third charge. Add 
these forces as vectors. 
SET Up: The three charges are placed as shown in Figure 21.19a. 

y 


97, = +3.20 nC 
0.400 m 

È; = +5.00 nC 
0.200 of 

Pa, = —1.50nC 


Figure 21.19a 


EXECUTE: Like charges repel and unlike attract, so the free-body diagram for q, is as shown in Figure 21.19b. 
3 


F= : 1 CKA 
Te "3 
F,= = 4 
Mey 143 
Figure 21.19b 
-9 -9 
F, =(8.988x10° N-m2/c2) ESOO CX5.00x10" ©) 1 685x10 N 
(0.200 m) 
-9 -9 
F, =(8.988x10° N-m?/C2) 2010 OOR © _8 988x107 N 
(0.400 m) 


The resultant force is R = F, + F.. 
R,=0. 
R, =F, +F, =1.685x10° N +8.988 x 10°’ N =2.58x10° N. 


The resultant force has magnitude 2.58x10° N and is in the —y-direction. 
EVALUATE: The force between q, and q, is attractive and the force between q, and q, is replusive. 


qq ; i 
IDENTIFY: Apply F = ela to each pair of charges. The net force is the vector sum of the forces due to q, and q,. 


SET Up: Like charges repel and unlike charges attract. The charges and their forces on q, are shown in Figure 21.20. 
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? C0. 0° 
Execute: Ariel -(8,99 10° N-m'/c2) 4:00%107 C10.600%10? ©) _ 5 304 .10-7 N. 
r (0.200 m) 
-9 -9 
F, =k BEL goait Nae EOT CO.600%10" ©) _ 9 yT N: 
n (0.300 m) 
F. =F +F,, =+F —F, =2.40x10” N. The net force has magnitude 2.40x107 N and is in the +x direction. 
EVALUATE: Each force is attractive, but the forces are in opposite directions because of the placement of the 
charges. Since the forces are in opposite directions, the net force is obtained by subtracting their magnitudes. 
y 
<— 0.200 m —> 
Fy 
x 
Figure 21.20 
21.21. IDENTIFY: Apply Coulomb’s law to calculate each force on —-Q. 
SET Up: Let F, be the force exerted by the charge at y =a and let F, be the force exerted by the charge at y =—a. 
EXECUTE: (a) The two forces on —Q are shown in Figure 21.21la. sind = ae and r = (a° + x°)? is the 
a +x 
distance between q and —Q and between -q and -Q . 
1 ‘ 1 2 
(b) F. =F ,+F,,=0. F, =F, +F, =2 I sin o= L 
i > ” ? ” Ame, (a +x") Are, (a +x") 
(c) Atx=0, F, = aa 240 , in the +y direction. 
“ Ane, a 
(d) The graph of F versus x is given in Figure 21.21b. 
EVALUATE: F, =0 for all values of x and i> 0 for all x. 
F, 
xla 
(a) (b) 
Figure 21.21 
21.22. IDENTIFY: Apply Coulomb’s law to calculate each force on —-Q. 


SETUP: Let F, be the force exerted by the charge at y =a and let F, be the force exerted by the charge at 
; : za a |x| 

y=-a. The distance between each charge q and Q is r= (a +x ) . cosĝ = r : 
a +x 


EXECUTE: (a) The two forces on —Q are shown in Figure 21.22a. 


(b) When x>0, Fi, and F,, are negative. F, = F, + F,, =—2 ! 42 z Cos = : iea . When 
Á i f i Are, (a +x") Are, (a +x") 


x<0, ,and F;, are positive and the same expression for F, applies. F, = F, +, =0. 
(c) At x=0, F.=0. 
(d) The graph of F, versus x is sketched in Figure 21.22b. 
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EVALUATE: The direction of the net force on —Q is always toward the origin. 
Fy 
y 
19 
F 
a 
6 x 
a “2 
Fy 
q 9 
(a) 


Figure 21.22 
21.23. IDENTIFY: 


Apply Coulomb’s law to calculate the force exerted on one of the charges by each of the other three 
and then add these forces as vectors. 


(a) SETUP: The charges are placed as shown in Figure 21.23a. 


N= 42 = 93 =44 =4 


Figure 21.23a 


Consider forces on g,. The free-body diagram is given in Figure 21.23b. Take the y-axis to be parallel to the 
diagonal between q, and q, and let +y be in the direction away from q,. Then F, is in the +,-direction. 
2 

EXECUTE: F =F- L 
Ane, L 


1 
>” Ane 20 
F, =-Fsin45° = -F/J2 
F, =+F,cos45° = +F;/ 42 
F,, = +F, sin45° =+F,/V2 
F, , =+F,c0s45° =+F,//2 


Pn =0, R, =F, 


Figure 21.23b 
(b) R =F, +P +R, =0 


ig 1 2 2 
R, =F, +F,, +B, =(2/V2) 1 H z 1 2 
4ra L Ame, 20° 8m&L 


(1+ 22) 


2 
R=—4 


(i+ 3/2 ). Same for all four charges. 
pA 
TEL 
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EVALUATE: In general the resultant force on one of the charges is directed away from the opposite corner. The 
forces are all repulsive since the charges are all the same. By symmetry the net force on one charge can have no 
component perpendicular to the diagonal of the square. 
k is 
21.24. IDENTIFY: Apply F= Kaa) to find the force of each charge on +q . The net force is the vector sum of the 
r 
individual forces. 
SETUP: Let g,=+2.50 uC and q, =—3.50 wC. The charge +q must be to the left of q, or to the right of q, in 
order for the two forces to be in opposite directions. But for the two forces to have equal magnitudes, +q must be 
closer to the charge q, , since this charge has the smaller magnitude. Therefore, the two forces can combine to give 
zero net force only in the region to the left of q, . Let +q be a distance d to the left of q, , so it is a distance 
d+0.600 m from q, . 
ki ke 
EXECUTE: F =F, gives ala „£ dle -. d= Ial (d +0.600 m) = +(0.8452)(d + 0.600 m) . d must 
d (d +0.600 m) lq, 
be positive, so d = sealers my 3.27 m. The net force would be zero when +q is at x =-3.27 m. 
EVALUATE: When +g is at x=-3.27 m, F, is in the —x direction and F, is in the +x direction. 
21.25. IDENTIFY: F= |q|E . Since the field is uniform, the force and acceleration are constant and we can use a constant 
acceleration equation to find the final speed. 
SET Up: A proton has charge +e and mass 1.67x 10 kg. 
EXECUTE: (a) F =(1.60x107 C)(2.75x10° N/C) =4.40x10°'° N 
-16 
jas = 0x10 N 9.63 x10" mm/s? 
1.67x10~" kg 
(©) v, =v, +a,t gives v=(2.63x10'' m/s)(1.00x10° s) = 2.63x10° m/s 
EVALUATE: The acceleration is very large and the gravity force on the proton can be ignored. 
21.26. IDENTIFY: Fora point charge, E = pl ; 
r 
SETUP: Æ is toward a negative charge and away from a positive charge. 
EXECUTE: (a) The field is toward the negative charge so is downward. 
3.00x10° 
E =(8.99x10° N-m2/c2) 20 © _ 439 N/C. 
(0.250 m) 
k 9 nias 2 -9 
b) r | q| = 6 N-m*/C*)3.00x10" C) _ | som 
E 12.0 N/C 
EVALUATE: At different points the electric field has different directions, but it is always directed toward the 
negative point charge. 
21.27. IDENTIFY: The acceleration that stops the charge is produced by the force that the electric field exerts on it. 


Since the field and the acceleration are constant, we can use the standard kinematics formulas to find acceleration 
and time. 

(a) SETUP: First use kinematics to find the proton’s acceleration. v, =0 when it stops. Then find the electric 
field needed to cause this acceleration using the fact that F = gE. 

EXECUTE: v? =v. +2a,(x—x,).0 = (4.50 x 10° m/s)” + 2a(0.0320 m) and a = 3.16 x 10'* m/s”. Now find the 
electric field, with q = e. eE = ma and E = ma/e = (1.67 x 10” kg)(3.16 x 10" m/s’)/(1.60 x 10™ C) =3.30 x 


10° N/C, to the left. 

(b) SET Up: Kinematics gives v = vo + at, and v = 0 when the electron stops, so t = v/a. 

EXECUTE: t= v/a = (4.50 x 10° m/s)/(3.16 x 10'* m/s’) = 1.42 x 10% s = 14.2 ns 

(c) SET Up: In part (a) we saw that the electric field is proportional to m, so we can use the ratio of the electric 
fields. E,/E,=m,/m,and E,=(m,/m,)E,. 


EXECUTE: Æ, = [(9.11 x 10°! kg)/(1.67 x 10” kg)](3.30 x 10° N/C) = 1.80 x 10° N/C, to the right 
EVALUATE: Even a modest electric field, such as the ones in this situation, can produce enormous accelerations 
for electrons and protons. 
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21.28. 


21.29. 


21.30. 


21.31. 


IDENTIFY: Use constant acceleration equations to calculate the upward acceleration a and then apply F = gE to 


calculate the electric field. 
SET Up: Let +y be upward. An electron has charge q =-—e . 


EXECUTE: (a) v, =Oand a,=a,so0 y- y= Vt + laf gives y- y, =+ať° . Then 
-31 12 2 
as 2(y w 7 Can -=1.00x10? m/s, Bal _ma _(9.11x10™ kg) oT! m/s’) 
t (3.00 x10° s) q q 1.60 x107" C 
The force is up, so the electric field must be downward since the electron has negative charge. 


=5.69N/C 


b) The electron’s acceleration is ~10''g , so gravity must be negligibly small compared to the electrical force. 
g 8 y gligibly p 


EVALUATE: Since the electric field is uniform, the force it exerts is constant and the electron moves with 
constant acceleration. 

(a) IDENTIFY: Eq. (21.4) relates the electric field, charge of the particle, and the force on the particle. If the 
particle is to remain stationary the net force on it must be zero. 

SETUP: The free-body diagram for the particle is sketched in Figure 21.29. The weight is mg, downward. For 
the net force to be zero the force exerted by the electric field must be upward. The electric field is downward. Since 
the electric field and the electric force are in opposite directions the charge of the particle is negative. 


F 
E 
1$ | mg =|| 


mg 
Figure 21.29 
_ mg _ (1.45x10° kg)(9.80 m/s”) 
E 650 N/C 
(b) SETUP: The electrical force has magnitude F, = lq| E =eE. The weight of a proton is w=mg. F;,=w so 


EXECUTE: =2.19x10° C and q = -21.9 uC 
q q u 


eE = mg 
E= mg _ (1.673x10” kg)(9.80 m/s’) 


e 1.602x10™ C 
This is a very small electric field. 


EVALUATE: In both cases lq| E = mg and E = (m/|q|)g. In part (b) the mi/\q| ratio is much smaller (~ 10°) than 


EXECUTE: =1.02x107 NIC. 


in part (a) (~10~) so Æ is much smaller in (b). For subatomic particles gravity can usually be ignored compared to 
electric forces. 
_1 ld 
Ame, r’ 
SET Up: The iron nucleus has charge +26e. A proton has charge +e. 
1 (26)(1.60x10-" C) 
47re, (6.00x10™ m}? 
-19 
(b) Exton = 1 60x10 O 515x10" NIC. 
Ame, (5.29x107 m) 


EVALUATE: These electric fields are very large. In each case the charge is positive and the electric fields are 
directed away from the nucleus or proton. 


IDENTIFY: Apply E= 


EXECUTE: (a) E= =1.04x10" N/C. 


IDENTIFY: Fora point charge, E = ell The net field is the vector sum of the fields produced by each charge. A 
r 


charge q in an electric field E experiences a force F = qE. 


SETUP: The electric field of a negative charge is directed toward the charge. Point A is 0.100 m from q and 
0.150 m from q. Point B is 0.100 m from q; and 0.350 m from qv. 
EXECUTE: (a) The electric fields due to the charges at point A are shown in Figure 21.31a. 


-9 
E, -plal < (8.9910? N-m?c2) 925x107 © 
ra (0.150 m) 


-9 
z, =el -899x10 Nme’) 25x10" € 
"42 (0.100 m) 


= 2.50x10° N/C 


=1.124x10* N/C 
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21.32. 


21.33. 


Since the two fields are in opposite directions, we subtract their magnitudes to find the net field. 
E = E, — E, =8.74x10° N/C, to the right. 
(b) The electric fields at points B are shown in Figure 21.31b. 
E= plal =(8.99x10° Noma eS x10" . =5.619x10° N/C 

i (0.100 m) 
E, (fl = (8.99 x10” Nive os 

Tio (0.350 m) 
Since the fields are in the same direction, we add their magnitudes to find the net field. E = E, + E, =6.54x10° N/C, 
to the right. 
(c) At A, E =8.74x10° N/C, to the right. The force on a proton placed at this point would be 
F =qE =(1.60x10°” C)(8.74x10° N/C) =1.40x10™ N, to the right. 


EVALUATE: A proton has positive charge so the force that an electric field exerts on it is in the same direction as 
the field. 


=9.17x10? N/C 


<— 0.150 m >+— 0.100 m—> < 0.100 m—< 0.250 m-————> 


qı E, A E, h E A Q 


(a) (b) 
Figure 21.31 
IDENTIFY: The electric force is F =gE . 
SETUP: The gravity force (weight) has magnitude w = mg and is downward. 
EXECUTE: (a) To balance the weight the electric force must be upward. The electric field is downward, 
so for an upward force the charge q of the person must be negative. w= F gives mg = lq] E and 
| E mg _ (60 kg)(9.80 m/s°) 
a> E 150 N/C 


=3.9C. 


(3.9 CP 
(100 my’ 


(b) F -l1 (8.99x10° N-m?/C?) 


2 =1.4x10’ N . The repulsive force is immense and this is not a 
feasible means of flight. 
EVALUATE: The net charge of charged objects is typically much less than 1 C. 

IDENTIFY: Eq. (21.3) gives the force on the particle in terms of its charge and the electric field between the 
plates. The force is constant and produces a constant acceleration. The motion is similar to projectile motion; use 
constant acceleration equations for the horizontal and vertical components of the motion. 

(a) SETUP: The motion is sketched in Figure 21.33a. 


2.00 cm 


0.50 emf y Pe i For an electron q =-—e. 
o> -|- - 
E 
Figure 21.33a 


F =gE and q negative gives that F and E are in opposite directions, so F is upward. The free-body diagram 


for the electron is given in Figure 21.33b. 
y. 


EXECUTE: J F,=ma, 


eE = ma 


Figure 21.33b 


Solve the kinematics to find the acceleration of the electron: Just misses upper plate says that x-— x, = 2.00 cm 
when y- y, =+0.500 cm. 


x-component 
Vox =v =1.60x10° m/s, a, =0, x— x, =0.0200 m, t=? 


= 1 2 
X— Xo = Vot + 5a,t 
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21.34. 


21.35. 


porate 2 NY eps oes 
Vy,  1.60x10° m/s 


In this same time ¢ the electron travels 0.0050 m vertically: 


y-component 
t=1.25x10°%s, Voy =9, y — Y = 40.0050 m, a, =? 


Y-N=VMytttae 
a = WY =o) _ 20.0050 m) 
A P (1.25x10° s) 


(This analysis is very similar to that used in Chapter 3 for projectile motion, except that here the acceleration is 
upward rather than downward.) This acceleration must be produced by the electric-field force: e£ = ma 


ma _ (9.109x10*! kg)(6.40x10" m/s’) 
e 1.602x10 C 


Note that the acceleration produced by the electric field is much larger than g, the acceleration produced by 
gravity, so it is perfectly ok to neglect the gravity force on the elctron in this problem. 
-19 
ee eE _ (1.602 x10 es N/O _ 3.49 x10" m/s? 
1.673x10~ kg 


This is much less than the acceleration of the electron in part (a) so the vertical deflection is less and the 
proton won’t hit the plates. The proton has the same initial speed, so the proton takes the same time 
t=1.25x10° s to travel horizontally the length of the plates. The force on the proton is downward (in the 
same direction as E, since q is positive), so the acceleration is downward and a, =—3.49x 10° m/s’. 


-y =v t +4a,0? =4(-3.49 x10" m/s*)(1.25x10% s)? =—2.73x10° m. The displacement is 2.73x10~° m, 
y Yo 0y P a 2 p 


downward. 

(c) EVALUATE: The displacements are in opposite directions because the electron has negative charge and the 
proton has positive charge. The electron and proton have the same magnitude of charge, so the force the electric 
field exerts has the same magnitude for each charge. But the proton has a mass larger by a factor of 1836 so its 
acceleration and its vertical displacement are smaller by this factor. 

IDENTIFY: Apply Eq.(21.7) to calculate the electric field due to each charge and add the two field vectors to find 
the resultant field. 

SETUP: For q,, r= j . For q, , P = cos Gi + sin oj , where @ is the angle between E, and the +x-axis. 


qı 3 (9.0x10° N-m’/C*)(-5.00x 10” C) 


+= 6.40x10" m/s* 


E= = 364 N/C 


=(—2.813x10* N/C) j. 


EXECUTE: (a) E, = j 
‘Arey? (0.0400 m)? 
9 2 2 =9 
A =—h 5 = Cees ae Yeo!) =1.080x10* N/C . The angle of E,, measured from the 
Arey; (0.0300 m)? + (0.0400 m)? 
x-axis, is 180°— tan“ (400 em) =126.9° Thus 
3.00 cm 


E, =(1.080x10* N/C)(icos126.9° + jsin126.9°) = (—6.485x10° N/C)i + (8.64x10° N/C) J 
(b) The resultant field is E, + E, = (6.485 x10° N/C)i + (-2.813x10* N/C +8.64x10° N/C) j. 
E, + E, = (-6.485x10° N/C)i —(1.95x10* N/C) Ĵ . 
EVALUATE: E , is toward gq, since q, is negative. E, is directed away from q,, since q, is positive. 


IDENTIFY: Apply constant acceleration equations to the motion of the electron. 

SET Up: Let +x be to the right and let +y be downward. The electron moves 2.00 cm to the right and 0.50 cm 
downward. 

EXECUTE: Use the horizontal motion to find the time when the electron emerges from the field. 

x — x, = 0.0200 m, a, =0, v, =1.6010° m/s. x-x, = Vt + 44,0 gives t=1.25x10"s. Since a, =0, 


= 6 Saye — = -8 E Voy +V, ; = 5 
v, =1.60x10° m/s. y— y, = 0.0050 m, v, =0,t=1.25x10"s. y- y, 5 t gives v, =8.00x10° m/s. 


Then v= v? +v, =1.79x10° m/s. 


EVALUATE: v, =w, +4, gives a, =6.4x10" m/s’ . The electric field between the plates is 


-31 13 2 
(es eau AY KENGAN w 364 V/m . This is not a very large field. 
e 1.60x10” C 
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21.36. IDENTIFY: Use the components of E from Example 21.6 to calculate the magnitude and direction of E . Use 
F = gE to calculate the force on the —2.5 nC charge and use Newton's third law for the force on the 
—8.0 nC charge. 
SET Up: From Example 21.6, E =(-11 N/C)i+ (14 N/C)j. 
2 2 2 2 al. |Z, =] 
EXECUTE: (a) E = |E? +E? = J(-11 N/O}? + (14 N/C}? =17.8 NIC. tan p= (14/11) =51.8°, so 
0 =128° counterclockwise from the +x-axis. 
(b) (i) F = Eq so F =(17.8 N/C)(2.5x10° C) =4.45x10% N , at 52° below the +x-axis. 
(ii) 4.45x10° N at 128° counterclockwise from the +x-axis. 
EVALUATE: The forces in part (b) are repulsive so they are along the line connecting the two charges and in each 
case the force is directed away from the charge that exerts it. 
21.37. IDENTIFY and SETUP: The electric force is given by Eq. (21.3). The gravitational force is w, =m,g. Compare 
these forces. 
(a) EXECUTE: w, = (9.10910! kg)(9.80 m/s”) = 8.93 x10 N 
In Examples 21.7 and 21.8, E =1.00x 10* N/C, so the electric force on the electron has magnitude 
F,= g|E =eE =(1.602x10-" C)(1.00x10* N/C) =1.602x10™ N. 
-30 
We 8.93x10 a =5§ 57x10 
F, 1.602x10 ° N 
The gravitational force is much smaller than the electric force and can be neglected. 
(b) mg =|q|E 
m= lq|E/g = (1.602x10™" C)(1.00 x10* N/C)/(9.80 m/s”) =1.63 x107" kg 
-16 
m _ 163x10 KB _1 79x10"; m=1.79x10"m, 
m, 9.109x10~° kg 
EVALUATE: mis much larger than m,. We found in part (a) that if m = m, the gravitational force is much smaller 
than the electric force. ql is the same so the electric force remains the same. To get w large enough to equal F,, 
the mass must be made much larger. 
(c) The electric field in the region between the plates is uniform so the force it exerts on the charged object is 
independent of where between the plates the object is placed. 
21.38. IDENTIFY: Apply constant acceleration equations to the motion of the proton. E = F'/ la| ; 
SETUP: A proton has mass m, =1.67 x 10°’ kg and charge +e. Let +x be in the direction of motion of the proton. 
EXECUTE: (a) ),=0.a= ee . X— Xo = Vt + tat’ gives x-Xx = ! at = is t . Solving for E gives 
f m, i i 2m, 
2(0.0160 m)(1.67 x10” k 
pe ODUN E RENE 
(1.60x10" C)(1.50 x10” s) 
E 
(b) v, =v, +a, t =t =2.13x10* m/s. 
P 
EVALUATE: The electric field is directed from the positively charged plate toward the negatively charged plate 
and the force on the proton is also in this direction. 
21.39. IDENTIFY: Find the angle 0 that ê makes with the +x-axis. Then f = (cos Oi + (sind) j. 


SETUP: tanĝ=vy/x 
EXECUTE: (a) tan“ (=) =- rad. F=-j. 


(b) tan E rad. p-a NG. 
12) 4 2 2 

(c) tan'( 25-197 rad =112.9° . Ê = —0.39f + 0.92} (Second quadrant). 
+1. 


EVALUATE: In each case we can verify that P is a unit vector, because r-r=1. 
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21.40. IDENTIFY: The net force on each charge must be zero. 
SET UP: The force diagram for the —6.50 uC charge is given in Figure 21.40. Fz is the force exerted on the 


charge by the uniform electric field. The charge is negative and the field is to the right, so the force exerted by the 
field is to the left. F, is the force exerted by the other point charge. The two charges have opposite signs, so the 
force is attractive. Take the +x axis to be to the right, as shown in the figure. 


EXECUTE: (a) F =|g|E =(6.50x10° C)(1.85x10° N/C) =1.20x10° N 
6 —6 
F, -pal =(8.99x10° N-m7/C’) eee ae e) 
r (0.0250 m) 
> F, =0 gives T+F,-F,=0 and T =F,-F,=382N. 
(b) Now F; is to the left, since like charges repel. 
XF, =0 gives T-F,-F,=0 and T =F, +F, =2.02x10 N. 


EVALUATE: The tension is much larger when both charges have the same sign, so the force one charge exerts on 
the other is repulsive. 


=8.18x10° N 


y E 


Figure 21.40 


21.41. IDENTIFY and SETUP: Use E in Eq. (21.3) to calculate F, F = mā to calculate ä, and a constant acceleration 
equation to calculate the final velocity. Let +x be east. 
(a) EXECUTE: F, =|q|E = (1.602x10™" C)(1.50 N/C) = 2.403 x107" N 
a, = F/m = (2.403 x10™ N)/(9.109x10™°' kg) = +2.638 x10"! m/s? 
Voy = +4.50 x 10° m/s, a, = +2.638 x10" m/s”, x— x) = 0.375 m, v, =? 
v? = vo, + 2a (x— x) gives v, = 6.33x10° m/s 
EVALUATE: _ E is west and q is negative, so F is east and the electron speeds up. 
(b) EXECUTE: F, =-|q|E =-(1.602x10™ C)(1.50 N/C) = -2.403 x107" N 
a, = F,/m = (—2.403x10" N)/(1.673x10” kg) =-1.436x10° m/s? 
Vp, = +1.90x10*m/s, a, = —1.436x10° m/s”, x— x, = 0.375 m, v, =? 
v? =v, +2a (x— x) gives v, =1.59x10* m/s 
EVALUATE: q >0 so F is west and the proton slows down. 
21.42. IDENTIFY: Coulomb’s law for a single point-charge gives the electric field. 
(a) SET Up: Coulomb’s law for a point-charge is E =(1/47re,)q/r°. 
EXECUTE: E = (9.00 x 10° N- m7/C’)(1.60 x 10° C)/(1.50 x 10° m}? = 6.40 x 10” N/C 
(b) Taking the ratio of the electric fields gives 
E/E nates = (6.40 x 10°° N/C)/(1.00 x 10* N/C) = 6.40 x 10'° times as strong 


EVALUATE: The electric field within the nucleus is huge compared to typical laboratory fields! 
21.43. IDENTIFY: Calculate the electric field due to each charge and find the vector sum of these two fields. 
SET Up: At points on the x-axis only the x component of each field is nonzero. The electric field of a point 
charge points away from the charge if it is positive and toward it if it is negative. 
EXECUTE: (a) Halfway between the two charges, E =0. 


(b) For |x|<a, E, = : ál z Z z |= “4 ry. 
~ 4Ame,\(a+x) (a-x) Are, (x -a’) 


1 q : q _ 2q xX +a 

4ne,\(a+xy (a-x)) 4ra -a 

-1 q q _ 24 xX +a’ 
(a+ x? | (a—xy Are, (x? —a?)? 


The graph of E, versus x is sketched in Figure 21.43. 


For x>a, E, = 


For x<-a, E,= 
Are, 
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EVALUATE: The magnitude of the field approaches infinity at the location of one of the point charges. 
a 
=a a 
Figure 21.43 
21.44. IDENTIFY: Fora point charge, E = pl . For the net electric field to be zero, E, and E, must have equal 
r 
magnitudes and opposite directions. 
SETUP: Let q, =+0.500 nC and q, =+8.00 nC. E is toward a negative charge and away from a positive charge. 
EXECUTE: The two charges and the directions of their electric fields in three regions are shown in Figure 21.44. 
Only in region II are the two electric fields in opposite directions. Consider a point a distance x from q, so a 
distance 1.20 m — x from q, . E, =E, gives k 220 ae = om w. . 16x? = (1.20 m- x} . 4x =+(1.20 m- x) 
x (1.20 — x) 
and x =0.24 m is the positive solution. The electric field is zero at a point between the two charges, 0.24 m from 
the 0.500 nC charge and 0.96 m from the 8.00 nC charge. 
EVALUATE: There is only one point along the line connecting the two charges where the net electric field is zero. 
This point is closer to the charge that has the smaller magnitude. 
I II Il I Il m 
B, qı Ez E) h2 Pi Ey qı Ey q E 
=> E aes : =E oeo E o e 
E> i a E, . 4 = A 
2 Fat ER : E, 2 E, E, 
<—— 1.2m ———> <—\—™ 1.2m > 
(a) (b) 
Figure 21.44 
21.45. IDENTIFY: Eq.(21.7) gives the electric field of each point charge. Use the principle of superposition and add the 


electric field vectors. In part (b) use Eq.(21.3) to calculate the force, using the electric field calculated in part (a). 
(a) SET Up: The placement of charges is sketched in Figure 21.45a. 
Ma 


KA = +2.00 nC d, = —5.00 nC 


Ed 
0.200 m 0.200 m 0.600 m 0.400 m 
Figure 21.45a 


The electric field of a point charge is directed away from the point charge if the charge is positive and toward the 


point charge if the charge is negative. The magnitude of the electric field is £ = AA, where r is the distance 


between the point where the field is calculated and the point charge. 
(i) At point a the fields E, of q, and E, of q, are directed as shown in Figure 21.45b. 


y 


q, >0 > 


Figure 21.45b 
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~9 
EXECUTE: £,=— lal _ (8.988x10° N-m?/c?) 22010 © L 4494 N/C 
Ame, F, (0.200 m) 
-9 
pe lel _ (g ogg x10" N-m?/C2) 2 00x10" © 124.8 NIC 
47, r, (0.600 m) 


E, = 449.4 NIC, E, =0 

E, =124.8 NIC, E,, =0 

EL = E, + E,, =+449.4 N/C +124.8 N/C = +574.2 N/C 

E,=£,+£,,=0 

The resultant field at point a has magnitude 574 NIC and is in the +x-direction. 

(ii) SET Up: At point b the fields E, of q, and E, of q, are directed as shown in Figure 21.45c. 


y 


q,>0 9, <0 
Figure 21.45c 


-9 
EXECUTE: £, = 2s) =(8.988x10° N- m2/c2) 200x107 € =12.5 N/C 
Ane, 7 (1.20 m) 
-9 
E, E D (8.988 x 10° Namie Ss 280.9 N/C 
4re, r; (0.400 m) 


E,, =12.5 NIC, E, =0 

E,,, =-280.9 NIC, E,,, =0 

+ E, =+12.5 N/C -280.9 N/C = -268.4 N/C 

; +E,,=0 

The resultant field at point b has magnitude 268 N/C and is in the —x-direction. 

(iii) SETUP: At point c the fields E, of q, and E, of q, are directed as shown in Figure 21.45d. 


E E, i 
"— > $ e x 
“s 12 0 0 


VA <= 
Figure 21.45d 
2.00x10° 
EXECUTE: £, = 1 Jal = (8.988 x10" N m2jc2y 20x10" © = 449.4 N/C 
Are, n (0.200 m) 
-9 
E, = Alel =(8.988x10° mee = 44.9 N/C 
4T r, (1.00 m) 


E,, =—449.4 N/C, E, =0 
E,, = +44.9 N/C, E,, =0 

E= E, + E,, =—449.4 N/C +44.9 N/C = -404.5 N/C 

E, =E, +E, =0 

The resultant field at point b has magnitude 404 N/C and is in the —x-direction. 


(b) SETUP: Since we have calculated E at each point the simplest way to get the force is to use F =—eE. 


EXECUTE: (i) F =(1.602x10-” C)(574.2 N/C) =9.20x10" N, —x-direction 
(ii) F =(1.602 x10" C)(268.4 N/C) = 4.30 x10" N, + x-direction 
(iii) F =(1.602x10™ C)(404.5 N/C) = 6.48x10"’ N, + x-direction 


EVALUATE: The general rule for electric field direction is away from positive charge and toward negative 


charge. Whether the field is in the +x- or — x-direction depends on where the field point is relative to the charge 
that produces the field. In part (a) the field magnitudes were added because the fields were in the same direction 


and in (b) and (c) the field magnitudes were subtracted because the two fields were in opposite directions. In 
part (b) we could have used Coulomb's law to find the forces on the electron due to the two charges and then 


added these force vectors, but using the resultant electric field is much easier. 
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21.46. IDENTIFY: Apply Eq.(21.7) to calculate the field due to each charge and then require that the vector sum of the 
two fields to be zero. 
SETUP: The field of each charge is directed toward the charge if it is negative and away from the charge if it is 
positive . 
EXECUTE: The point where the two fields cancel each other will have to be closer to the negative charge, 
because it is smaller. Also, it can’t be between the two charges, since the two fields would then act in the same 
direction. We could use Coulomb’s law to calculate the actual values, but a simpler way is to note that the 8.00 nC 


charge is twice as large as the —4.00 nC charge. The zero point will therefore have to be a factor of V2. farther 
from the 8.00 nC charge for the two fields to have equal magnitude. Calling x the distance from the —4.00 nC 
charge: 1.20+x= J2x and x=2.90m. 


EVALUATE: This point is 4.10 m from the 8.00 nC charge. The two fields at this point are in opposite directions 
and have equal magnitudes. 


21.47. IDENTIFY: E= al . The net field is the vector sum of the fields due to each charge. 
r 


SETUP: The electric field of a negative charge is directed toward the charge. Label the charges q1, q2 and q3, as 
shown in Figure 21.47a. This figure also shows additional distances and angles. The electric fields at point P are 
shown in Figure 21.47b. This figure also shows the xy coordinates we will use and the x and y components of the 


fields E,, E, and E,. 
5.00x10° C 


ia: =4.49x10° N/C 
. m 


EXECUTE: £E, = £, =(8.99x10’ N-m*/C’) 
2.00x10° C 
(0.0600 m)? 
£,=E,,+E,,+E;,=0 and E, = E, + E,, + E, = E, +2E,cos53.1° =1.04x10" N/C 

E =1.04x10" N/C , toward the —2.00 uC charge. 

EVALUATE: The x-components of the fields of all three charges are in the same direction. 


E, =(8.99x10° N -m°/C?) = 4,99 x10° N/C 


a; 


8.0 cm 10.0 cm 


h P x 


8.0 cm 10.0 cm 


Figure 21.47 


21.48. IDENTIFY: A positive and negative charge, of equal magnitude q, are on the x-axis, a distance a from the origin. 
Apply Eq.(21.7) to calculate the field due to each charge and then calculate the vector sum of these fields. 
SETUP: Æ due toa point charge is directed away from the charge if it is positive and directed toward the charge 
if it is negative. 
. ; Sat 1 2q¢ . 
EXECUTE: (a) Halfway between the charges, both fields are in the —x-direction and E = ee in the 
Me, a 
—x-direction . 


(b) E. = : z4 ; 4 z| for |x|<a. E, = : z4 xt 2 z |for x>a. 
© 4Ame\(atx) (a-x) ~ Ame,\(atx) (a-x) 


x 


_ | 4 > q z | for x<—a. E, is graphed in Figure 21.48. 
4ra | (atx) (a-x) 
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EVALUATE: At points on the x axis and between the charges, Æ, is in the —x-direction because the fields from 


both charges are in this direction. For x <—a and x >+a, the fields from the two charges are in opposite 
directions and the field from the closer charge is larger in magnitude. 


“x 


Figure 21.48 


21.49. IDENTIFY: The electric field of a positive charge is directed radially outward from the charge and has magnitude 
-ai 
Are, r 


. The resultant electric field is the vector sum of the fields of the individual charges. 


SETUP: The placement of the charges is shown in Figure 21.49a. 


y 


d 


0.200 m 
%>0 a q>0 


ara b 
0.150 m| 0.150 m| 0.150 m 


0.400 m 
ec 


Figure 21.49a 


EXECUTE: (a) The directions of the two fields are shown in Figure 21.49b. 


lq 


2 


E} E, E =E,= 
< oeo 4ng r 


E=E,-E,=0;E,=0,£,=0 


with r = 0.150 m. 


Figure 21.49b 
(b) The two fields have the directions shown in Figure 21.49c. 


E, 
bin E = E, + E,, inthe + x-direction 
E, 
Figure 21.49c 
-9 
E = _! [al = (8.988 x10" N-m2/C2) 200x107 € = 2396.8 N/C 
ATS T (0.150 m) 


6.00x10° C 


E, -l lel _ (ogg x10" N-m2/C?) = = 266.3 N/C 


2 


4ng r; (0.450 m) 
E = E, + E, = 2396.8 N/C + 266.3 N/C = 2660 N/C; E, = +2260 N/C, E, =0 
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0.300 m 


(c) The two fields have the directions shown in Figure 21.49d. 


q, >0 ; 
@ x 
f 0.400 m 
5 0.400 m inĝ = 0.500 =0.800 
| 
cos = 2300 ™ _ 9 600 
0.500 
E, 
Figure 21.49d 
n- l 
Are, r 
.00x 10° 
E, = (8.988% 10" N-m2/c2) 80010 © 337 NIC 
(0.400 m) 
n= Ll 
47e, r; 
-9 
E, =(8.988x10° N- aie?) OS = 215.7 N/C 
(0.500 m) 
E, =0, E, =—-E, =-337.1 N/C 
E, =+E, cos = +(215.7 N/C)(0.600) = +129.4 N/C 
E,, =—E,sin@ = —(215.7 N/C)(0.800) = -172.6 N/C 
E, = E, + E, =+129 N/C 
E, = E, + E,, =-337.1 N/C -172.6 N/C =-510 N/C 
E = |E? + E? = [(129 N/C} +(-510 N/C} =526 N/C 
E and its components are shown in Figure 21.49e. 
tana = — 
tana = ZUN = -3.953 
+129 N/C 


Figure 21.49e 


y 


\ 
0.250 m, 5 0.250 m 


/ 
4 


da a (o` 4i 
0.150 m | 0.150 m 


a 


Figure 21.49f 


(d) The two fields have the directions shown in Figure 21.49f. 


_ 0.200 m 
0.250 m 


a = 284°C, counterclockwise from + x-axis 


= 0.800 
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The components of the two fields are shown in Figure 21.49¢. 


E, E =E, = ea 
4ng r 
-9 
E, =(8.988x10° N-m?/C2) £0010 © 
(0.250 m) 


E, = E, =862.8 N/C 


Figure 21.49g 


E,, =-E,cos0, E,, = +E, cos 0 
E, =E, +E, =0 
E, =+£, sind, E,, = +E, sind 

E, =E,,+ E,, =2E,, = 2E, sin 8 = 2(862.8 N/C)(0.800)=1380 N/C 
E =1380 N/C, in the + y-direction. 


EVALUATE: Point a is symmetrically placed between identical charges, so symmetry tells us the electric field 
must be zero. Point b is to the right of both charges and both electric fields are in the +x-direction and the resultant 
field is in this direction. At point c both fields have a downward component and the field of q, has a component to 


the right, so the net E is in the 4th quadrant. At point d both fields have an upward component but by symmetry 
they have equal and opposite x-components so the net field is in the t+y-direction. We can use this sort of reasoning 
to deduce the general direction of the net field before doing any calculations. 

21.50. IDENTIFY: Apply Eq.(21.7) to calculate the field due to each charge and then calculate the vector sum of those fields. 
SETUP: The fields due to q, and to q, are sketched in Figure 21.50. 


-9 
Execute: £, = 60x0 ©) Asof we. 


Ate, (0.6 m}? 
| 1 A 1 ‘ A A 
E, =—— (4.00x10° C)} ————(0.600)i +——— (0.800) j |= (21.61 + 28.8j)N/C. 
ra i fas ae )i (1.00 ar. j) a DN/ 
E = Ë, + Ë, =(-128.4 N/C)i + (28.8 N/C) Ì . E=/(128.4 N/C}? + (28.8 N/C)? =131.6 NIC at 


O=tan' (2) =12.6° above the —x axis and therefore 196.2° counterclockwise from the +x axis. 


EVALUATE: _ E, is directed toward q, because q, is negative and E, is directed away from q, because q, is positive. 


y 


eq 


Figure 21.50 


21.51. IDENTIFY: The resultant electric field is the vector sum of the field E, of q, and E, of q,. 


SETUP: The placement of the charges is shown in Figure 21.5 1a. 
F 


d 
0.200 m 
d, < 0 A q> 0 


<> |e b 
0.150 m| 0.150 m| 0.150 m 


0.400 m 
ec 


Figure 21.51a 
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EXECUTE: (a) The directions of the two fields are shown in Figure 21.51b. 


E =F,= l lal 
Ame, 1; 
E, f 
a E, = (8.98810? Nae ON © 
<0 £ q,>0 (0.150 m) 
2 7 


E, = E, =2397 N/C 
Figure 21.51b 
E,, =-2397 N/C, E, = 0 E, =-2397 NIC, E,,=0 
E = E, + E,, =2(—2397 N/C) = —4790 N/C 
E,=E, +E, =0 
The resultant electric field at point a in the sketch has magnitude 4790 N/C and is in the —x-direction. 


(b) The directions of the two fields are shown in Figure 21.51c. 
P 


E, E} 
= 
q <0 q,>0 > 
Figure 21.51c 
00x 10° 
E= lal = (8.988x10° N-m2/c2) 00x10 C _ 2397 N/C 
Are, 1; (0.150 m) 
-9 
E= Ael =(8.988x10" N- m o a =266 N/C 
4m6 r, (0.450 m) 


E,, =+2397 NIC, E,, =0 E,, =-266 N/C, E,, =0 
+E,, = +2397 N/C -266 N/C =+2130 N/C 


The resultant electric field at point b in the sketch has magnitude 2130 N/C and is in the +x-direction. 
(c) The placement of the charges is shown in Figure 21.51d. 


0.300 m 
y 
4, <0 q,>0 ; 0.300 m 
2 x sin@ = = 0.60 
STE 0.500 
0.400 m cos@ = 0.400 m = 0.800 
0.500 m 
Figure 21.51d 
The directions of the two fields are shown in Figure 21.5le. 
47, r? 
-9 
E, =(8.988x10° N- eA © 
(0.400 m) 
E, =337.0 N/C 
getel 
4ng r, 
6.00x10° 
E, =(8.988x10° N- m/c?) £0010 © 
(0.500 m) 


E, =215.7 N/C 


Figure 21.51e 
E, =0, Ey =—-E, =-337.0 N/C 
E,, =—E, sin 8 =—(215.7 N/C)(0.600) = —129.4 N/C 
E, = +E, cos 0 = +(215.7 N/C)(0.800) = +172.6 N/C 
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21.52. 


E, =E,, + Ey, =-129 NIC 
E, =E,, +E, =-337.0 NIC +172.6 N/C =-164 N/C 


E =,]E} +E, =209 N/C 


The field E and its components are shown in Figure 21.51f. 


tana = —> 


x 


_ -164 N/C _ 
—129 N/C 
æ = 232°, counterclockwise from + x-axis 


tana +1.271 


Figure 21.51f 


(d) The placement of the charges is shown in Figure 21.51g. 


y 


d 
; K sing = 2709 ™ _ 9 800 
0.250 m,” S 0.250 m 0.250 m 
~ ` gg = 2220 ™ _ 9.600 
q, > (6.4 0.250 m 
2 P 
0.150 m | 0.150 m 
Figure 21.51g 
The directions of the two fields are shown in Figure 21.51h. 
y 
pena lal 
Are, r 
-9 
E, = (8.988x10° N maiga a E 
(0.250 m) 
E, =862.8 N/C 


E, = E, = 862.8 N/C 


Figure 21.51h 


E, =—-E,cos0, E,, = —E, cos 8 

E, = E,, + E,, = —2(862.8 N/C) (0.600) = -1040 N/C 
E, =+E, sin 6, E,, =-E, sin 

E, TA E, a E, =0 

E =1040 N/C, in the — x-direction. 


EVALUATE: The electric field produced by a charge is toward a negative charge and away from a positive charge. 
As in Exercise 21.45, we can use this rule to deduce the direction of the resultant field at each point before doing 
any calculations. 


A 


TEF 


IDENTIFY: Fora long straight wire, E = 


SET UP: one 4.49x10° N-m’/C’. 
206 


_ 1.5x10™ C/m 
276,(2.50 N/C) 
EVALUATE: Fora point charge, E is proportional to 1/r°. For a long straight line of charge, E is proportional to 1/r. 


EXECUTE: =1.08m 
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21.53. IDENTIFY: Apply Eq.(21.10) for the finite line of charge and E = Z for the infinite line of charge. 
TE, 
SET Up: For the infinite line of positive charge, E is in the +x direction. 
EXECUTE: (a) Fora line of charge of length 2a centered at the origin and lying along the y-axis, the electric field 
whe -= 1 A > 
is given by Eq.(21.10): E =—-—_———— . 
2m6 xx’ /a° +1 
(b) For an infinite line of charge: E = 5 i. Graphs of electric field versus position for both distributions of 
TEX 
charge are shown in Figure 21.53. 
EVALUATE: For small x, close to the line of charge, the field due to the finite line approaches that of the infinite 
line of charge. As x increases, the field due to the infinite line falls off more slowly and is larger than the field of 
the finite line. 
0.00 1.00 2.00 3.00 4.00 
x) 
(a) 
Figure 21.53 
21.54. (a) IDENTIFY: The field is caused by a finite uniformly charged wire. 
SETUP: The field for such a wire a distance x from its midpoint is 
pal A E l 1 ) A 
2m6 x |(x/a} +1 Ane, Jx |(x/a} +1 l 
(18.0x10° N-m?/C?)(175x10° C/m) i l 
EXECUTE: E= : = 3.03 x 10° N/C, directed upward. 
(0.0600 my, || 290°") 41 
4.25 cm 
(b) IDENTIFY: The field is caused by a uniformly charged circular wire. 
SET Up: The field for such a wire a distance x from its midpoint is E =_—-_.— |, Or zz We first find the radius 
Are, (x +a’) 
of the circle using 2ar = l. 
EXECUTE: Solving for r gives r = //2m = (8.50 cm)/2r = 1.353 cm 
The charge on this circle is Q = AJ = (175 nC/m)(0.0850 m) = 14.88 nC 
The electric field is 
1 Qx (9.00 x10°N - m?/C?)(14.88 x10°C/m) (0.0600 m) 
i= 2 2y 2 3 p2 
476 (x? +a?) [ (0.0600 m)’ + (0.01353m)* | 
E=3.45 x 10°NIC, upward. 
EVALUATE: In both cases, the fields are of the same order of magnitude, but the values are different because the 
charge has been bent into different shapes. 
21.55. IDENTIFY: Fora ring of charge, the electric field is given by Eq. (21.8). F = gE . In part (b) use Newton's third 


law to relate the force on the ring to the force exerted by the ring. 
SETUP: Q=0.125x10°C, a=0.025mand x=0.400m. 


EXECUTE: (a) E = — 2D fî- (7.0 N/C)i . 
Ame, (x +a’) 
(b) For sing = Fong = -qË =—(-2.50x 10°C) (7.0 N/C)i = (1.75x 10° N)i 


EVALUATE: Charges q and Q have opposite sign, so the force that q exerts on the ring is attractive. 
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21.56. 


21.57. 


21.58. 


IDENTIFY: We must use the appropriate electric field formula: a uniform disk in (a), a ring in (b) because all the 
charge is along the rim of the disk, and a point-charge in (c). 
(a) SET UP: First find the surface charge density (Q/A), then use the formula for the field due to a disk of charge, 


pea l 
* 2a) SARI 
Q Q _ 650x10°C 


EXECUTE: The surface charge density is o = = = — 5 
A ar 7(0.0125 m) 


= 1,324 x 10° C/m’. 


The electric field is 


saeh 1 O 1.324x10% C/m? 1 
~ 26|  (R/x}+1| 28.8510"? C’/N-m’) 1.25 em) 
& m) 


E, = 1.14 x 10° N/C, toward the center of the disk. 
; err 1 Ox 
(b) SETUP: For a ring of charge, the field is E =_—-—__=__.. 
4r (x + a’) 
EXECUTE: Substituting into the electric field formula gives 
ol Ox _ (9.00x 10? N-m7/C’)(6.50 x10 C)(0.0200 m) 
4ra (x? 40°) [ (0.0200 m)? +(0.0125 m} |? 


E =8.92 x 10* N/C, toward the center of the disk. 
(c) SET Up: Fora point charge, E =(1/4e,)q/r’. 


EXECUTE: E=(9.00 x 10° N- m’/C’)(6.50 x 10° C)/(0.0200 m}? = 1.46 x 10° N/C 

(d) EVALUATE: With the ring, more of the charge is farther from P than with the disk. Also with the ring the 
component of the electric field parallel to the plane of the ring is greater than with the disk, and this component 
cancels. With the point charge in (c), all the field vectors add with no cancellation, and all the charge is closer to 
point P than in the other two cases. 

IDENTIFY: By superposition we can add the electric fields from two parallel sheets of charge. 

SETUP: The field due to each sheet of charge has magnitude o/2e, and is directed toward a sheet of negative 


charge and away from a sheet of positive charge. 
(a) The two fields are in opposite directions and £ = 0. 
(b) The two fields are in opposite directions and E = 0. 


(c) The fields of both sheets are downward and E = a =2 , directed downward. 
& © 

EVALUATE: The field produced by an infinite sheet of charge is uniform, independent of distance from the sheet. 
IDENTIFY and SET UP: The electric field produced by an infinite sheet of charge with charge density o has 
magnitude E = a . The field is directed toward the sheet if it has negative charge and is away from the sheet if it 

& 
has positive charge. 
EXECUTE: (a) The field lines are sketched in Figure 21.58a. 
(b) The field lines are sketched in Figure 21.58b. 
EVALUATE: The spacing of the field lines indicates the strength of the field. In part (a) the two fields add 
between the sheets and subtract in the regions to the left of A and to the right of B. In part (b) the opposite is true. 


A B A B 
rT 
+o —20 +o +20 
(a) (b) 


Figure 21.58 
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21.59. 


21.60. 


21.61. 


21.62. 


IDENTIFY: The force on the particle at any point is always tangent to the electric field line at that point. 

SET Up: The instantaneous velocity determines the path of the particle. 

EXECUTE: In Fig.21.29a the field lines are straight lines so the force is always in a straight line and velocity and 
acceleration are always in the same direction. The particle moves in a straight line along a field line, with 
increasing speed. In Fig.21.29b the field lines are curved. As the particle moves its velocity and acceleration are 
not in the same direction and the trajectory does not follow a field line. 

EVALUATE: In two-dimensional motion the velocity is always tangent to the trajectory but the velocity is not 
always in the direction of the net force on the particle. 

IDENTIFY: The field appears like that of a point charge a long way from the disk and an infinite sheet close to the 
disk’s center. The field is symmetrical on the right and left. 

SETUP: For a positive point charge, E is proportional to 1/r’and is directed radially outward. For an infinite 
sheet of positive charge, the field is uniform and is directed away from the sheet. 

EXECUTE: The field is sketched in Figure 21.60. 

EVALUATE: Near the disk the field lines are parallel and equally spaced, which corresponds to a uniform field. 
Far from the disk the field lines are getting farther apart, corresponding to the 1/7? dependence for a point charge. 


= 
i 


Figure 21.60 


IDENTIFY: Use symmetry to deduce the nature of the field lines. 
(a) SET Up: The only distinguishable direction is toward the line or away from the line, so the electric field lines 
are perpendicular to the line of charge, as shown in Figure 21.61a. 


Figure 21.61a 


(b) EXECUTE and EVALUATE: The magnitude of the electric field is inversely proportional to the spacing of the 
field lines. Consider a circle of radius r with the line of charge passing through the center, as shown in 
Figure 21.61b. 


Figure 21.61b 


The spacing of field lines is the same all around the circle, and in the direction perpendicular to the plane of the 
circle the lines are equally spaced, so E depends only on the distance r. The number of field lines passing out 
through the circle is independent of the radius of the circle, so the spacing of the field lines is proportional to the 
reciprocal of the circumference 2zr of the circle. Hence E is proportional to 1/r. 

IDENTIFY: Field lines are directed away from a positive charge and toward a negative charge. The density of 
field lines is proportional to the magnitude of the electric field. 

SETUP: The field lines represent the resultant field at each point, the net field that is the vector sum of the fields 
due to each of the three charges. 

EXECUTE: (a) Since field lines pass from positive charges and toward negative charges, we can deduce that the 
top charge is positive, middle is negative, and bottom is positive. 

(b) The electric field is the smallest on the horizontal line through the middle charge, at two positions on either 
side where the field lines are least dense. Here the y-components of the field are cancelled between the positive 
charges and the negative charge cancels the x-component of the field from the two positive charges. 

EVALUATE: Far from all three charges the field is the same as the field of a point charge equal to the algebraic 
sum of the three charges. 
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21.63. 


21.64. 


21.65. 


21.66. 


21.67. 


(a) IDENTIFY and SETUP: Use Eq.(21.14) to relate the dipole moment to the charge magnitude and the 
separation d of the two charges. The direction is from the negative charge toward the positive charge. 
EXECUTE: p=qd =(4.5x10° C)(3.1x10° m)=1.4x107' C-m; The direction of p is from q, toward q,. 
(b) IDENTIFY and SET Up: Use Eq. (21.15) to relate the magnitudes of the torque and field. 

EXECUTE: T= pEsin4@, with @ as defined in Figure 21.63, so 


a: 
h E psing 
7.2x10° N-m 
o E= 7 - =860 N/C 
(1.4x10 C-m)sin36.9° 


Figure 21.63 


EVALUATE: Eq.(21.15) gives the torque about an axis through the center of the dipole. But the forces on the two 
charges form a couple (Problem 11.53) and the torque is the same for any axis parallel to this one. The force on 
each charge is lq|E and the maximum moment arm for an axis at the center is d/2, so the maximum torque is 


2(\q|E)(d/2) =1.2x10* N-m. The torque for the orientation of the dipole in the problem is less than this 


maximum. 
(a) IDENTIFY: The potential energy is given by Eq.(21.17). 


SETUP: U(¢)=-p-E =—pEcos@, where ¢ is the angle between p and E. 
EXECUTE: parallel: ¢=0 and U(0°) =—pE 
perpendicular: ¢ = 90° and U(90°) =0 


AU =U(90°)-U (0°) = pE =(5.0x10™ C-m)(1.6x10° N/C)=8.0x10™ J. 


2AU _ 2(8.0x10 J) 


= =0.39 K 
3k 3(1.381x10” J/K) 


(b) ¿kT =AU so T= 


EVALUATE: Only at very low temperatures are the dipoles of the molecules aligned by a field of this strength. A 
much larger field would be required for alignment at room temperature. 

IDENTIFY: Follow the procedure specified in part (a) of the problem. 

SETUP: Use that y>>d. 


1 1 _(@ta/2)’-(-d/2y ___2yd 
@-4/2} (y+d/2y’ Q? -d°/4} Q’ -d° /4 
E, = q -2m T Nae 5 A z- Since y?’ >>d°/4, E, = P p 

” Angy -d4 2r (y -d°/4) 276 
b) For points on the —y-axis , E_is in the +y direction and E, is in the —y direction. The field point is closer to 
P y X. + y 


—q , so the net field is upward. A similar derivation gives £, = P z- E, has the same magnitude and direction 


276 


EXECUTE: (a) . This gives 


at points where y >>d as where y<<-d. 


EVALUATE: Æ falls off like 1/r° for a dipole, which is faster than the 1/7” for a point charge. The total charge of 
the dipole is zero. 


IDENTIFY: Calculate the electric field due to the dipole and then apply F = gE . 


P 
21x 


3 


SET Up: From Example 21.15, Eyiue(%) = 


6.17x10™” C. . ; 
EXECUTE: Epot = 5 Oo = = =4.11x10° N/C. The electric force is F = gE = 
mg (3.0x10° m 


(1.60x10™ C)(4.11x10° N/C) = 6.58x10" N and is toward the water molecule (negative x-direction). 


EVALUATE: E 


dipote 18 in the direction of p , so is in the +x direction. The charge q of the ion is negative, so F is 


directed opposite to E and is therefore in the —x direction. 

IDENTIFY: Like charges repel and unlike charges attract. The force increases as the distance between the charges 
decreases. 

SETUP: The forces on the dipole that is between the slanted dipoles are sketched in Figure 21.67a. 
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EXECUTE: The forces are attractive because the + and — charges of the two dipoles are closest. The forces are 
toward the slanted dipoles so have a net upward component. In Figure 21.67b, adjacent dipoles charges of opposite 
sign are closer than charges of the same sign so the attractive forces are larger than the repulsive forces and the 
dipoles attract. 

EVALUATE: Each dipole has zero net charge, but because of the charge separation there is a non-zero force 
between dipoles. 


Fe CD CD <D <D 
(a) (b) 
Figure 21.67 


21.68. IDENTIFY: Find the vector sum of the fields due to each charge in the dipole. 
SETUP: A point on the x-axis with coordinate x is a distance r =4/(d /2)? +x” from each charge. 


Aner Arg | (d}x 
where d is the distance between the two charges. The x-components of the forces due to the two charges 
are equal and oppositely directed and so cancel each other. The two fields have equal y-components, 


EXECUTE: (a) The magnitude of the field the due to each charge is E = ee 1 í l ) 7 


2q 1 ; f ; d/2 
sok=2E = ———; |sin@, where @ is the angle below the x-axis for both fields. sin @ = —————— 
” Ane, [at + =) ka} +x 
2q 1 d/2 qd ; SN 
and Eino = = . The field is the —y direction. 
dipole [24 | CDE | ay ax | Are, ((d/2 +2)" z 
(b) At large x, x? >> (d/2} , so the expression in part (a) reduces to the approximation E sipote ~ 4 F 
TEX 
EVALUATE: Example 21.15 shows that at points on the +y axis far from the dipole, E4pole * 1 . The 
TKY 


expression in part (b) for points on the x axis has a similar form. 
21.69. IDENTIFY: The torque on a dipole in an electric field is given by T= px E. 


SETUP: 1=pEsing, where ¢ is the angle between the direction of p and the direction of E . 
EXECUTE: (a) The torque is zero when P is aligned either in the same direction as E or in the opposite 


direction, as shown in Figure 21.69a. 
(b) The stable orientation is when p is aligned in the same direction as E . In this case a small rotation of the 


dipole results in a torque directed so as to bring p back into alignment with E . When pis directed opposite to 
E , a small displacement results in a torque that takes p farther from alignment with E . 

(c) Field lines for £, 
EVALUATE: The field of the dipole is directed from the + charge toward the — charge. 


= 


in the stable orientation are sketched in Figure 21.69b. 


ipole 


“dipole 


(a) (b) 
Figure 21.69 


21.70. IDENTIFY: The plates produce a uniform electric field in the space between them. This field exerts torque on a 
dipole and gives it potential energy. 
SETUP: The electric field between the plates is given by E =o/e,, and the dipole moment is p = ed. The 
potential energy of the dipole due to the field is U =—p-E =—pEcos¢ , and the torque the field exerts on it is T= 


pE sin ¢. 
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EXECUTE: (a) The potential energy, U =—p-E =—pEcos@, is a maximum when ø= 180°. The field between 
the plates is E =o /6, giving 


Umax = (1.60 x 10°'? C)(220 x 10° m)(125 x 10% C/m®)/(8.85 x 10°? C?/N - mô) = 4.97 x 101° J 
The orientation is parallel to the electric field (perpendicular to the plates) with the positive charge of the dipole 
toward the positive plate. 
(b) The torque, 7 = pE sin ¢, is a maximum when ¢= 90° or 270°. In this case 


Tmax = PE = pole, =edo/e, 
Tax = (1.60% 10" C)(220x 10 m)(125x10* C/m?) /(8.85x10-? C?/N-m’) 


Tmax =4.97 x10" N-m 


The dipole is oriented perpendicular to the electric field (parallel to the plates). 
(c) F=0. 
EVALUATE: When the potential energy is a maximum, the torque is zero. In both cases, the net force on the 
dipole is zero because the forces on the charges are equal but opposite (which would not be true in a nonuniform 
electric field). 

21.71. (a) IDENTIFY: Use Coulomb's law to calculate each force and then add them as vectors to obtain the net force. 
Torque is force times moment arm. 
SETUP: The two forces on each charge in the dipole are shown in Figure 21.71a. 


+ F 
| 
i sin 8 =1.50/2.00 so 6 = 48.6° 


LADIN x Opposite charges attract and like charges repel. 
yet F,=F,+F,=0 


Figure 21.71a 


lgq'| „600x10“ C)(10.0x10% C) 
r? (0.0200 m)? 

F, =—F sin = -842.6 N 

F,, = -842.6 N so F, = F, + F,, =—1680 N (in the direction from the +5.00-yC charge toward the —5.00-uC 
charge). 

EVALUATE: The x-components cancel and the y-components add. 

(b) SETUP: Refer to Figure 21.71b. 


=1.124x10 N 


EXECUTE: F =k 


Fy 


The y-components have zero moment arm and 
therefore zero torque. 
F, and F,, both produce clockwise torques. 


Figure 21.71b 


EXECUTE: F y =~ cos = 743.1 N 
T = 2(F,,)(0.0150 m) = 22.3 N -m, clockwise 
EVALUATE: The electric field produced by the —10.00uC charge is not uniform so Eq. (21.15) does not apply. 
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21.72. IDENTIFY: Apply F=k aa for each pair of charges and find the vector sum of the forces that q, and q, exert on q,. 
r 
SET Up: Like charges repel and unlike charges attract. The three charges and the forces on q, are shown in 
Figure 21.72. 
bd 
ae 
/7 \9 0.040 m 
H| gi = 
Figure 21.72 
-9 -9 
EXECUTE: (a) F = 04 g.99x10 N-m7/C’) (5.00 x10 KENNA C) =1.079x10~ C. 
h (0.0500 m) 
0=36.9°. F, =+F cos =8.63x10° N. F, =+F sinð =6.48x10° N. 
=p -9 
F,= plea = (8.99 x10? N -m?/C?) 200%10 — 10" ©) <1.20%104 C. 
r; (0.0300 m) 
F,,=0, F,, =-F,=-1.20x10* N. F, =F, +F,,=8.63x10° N. 
F, =F, + F,, =6.48x10” N+(-1.20x10* N)=-5.52x10° N. 
F 
2 2 4 a y 

(b) F= F; +F; =1.02x10" N. tang = F =0.640. ø =32.6° , below the +x axis. 

EVALUATE: The individual forces on q; are computed from Coulomb’s law and then added as vectors, using 

components. 
21.73. (a) IDENTIFY: Use Coulomb's law to calculate the force exerted by each Q on q and add these forces as vectors to 


find the resultant force. Make the approximation x >>a and compare the net force to F =—kx to deduce k and 


then f =(1/27)Vk/m. 


SETUP: The placement of the charges is shown in Figure 21.73a. 
y 


hb < al > Q>0 
l T hd X 
< >< = 
a a 
Figure 21.73a 
EXECUTE: Find the net force on q. 
F, o Fy F =F +F, and F=+F, F,,=—F, 
Figure 21.73b 
_! 4 o 1 q 
i 4 T6; (a+x) í 47, (a—x) 
qQ 1 1 
F. = F F, = 5 5 
47e, (a+x) (a-x) 
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Since x <<a we can use the binomial expansion for (1—x/a)~ and (1+.x/a)~ and keep only the first two terms: 


(l+z)" ~l+nz. For (l—-x/a)*, z=-x/a and n=-2 so (l-x/a)? ~1+2x/a. For (1+ x/a)*, z=+x/a and 


n=-2 so (1+ x/a)* ~1—2x/a. Then F = qQ x|{1 a 14 2") = 12 x. For simple harmonic 
4ra a a mga 


motion F =—kx and the frequency of oscillation is f = (1/22)Vk/m. The net force here is of this form, with 


k =qQ/ze,a’. Thus es | 42 _ 
22 \ zema 


(b) The forces and their components are shown in Figure 21.73c. 


Figure 21.73c 
The x-components of the forces exerted by the two charges cancel, the y-components add, and the net force is in 
the +y-direction when y > 0 and in the —y-direction when y < 0. The charge moves away from the origin on the 
y-axis and never returns. 
EVALUATE: The directions of the forces and of the net force depend on where q is located relative to the other 
two charges. In part (a), F =0 atx =0 and when the charge q is displaced in the +x- or —x-direction the net force is 
a restoring force, directed to return g to x =0. The charge oscillates back and forth, similar to a mass on a spring. 


21.74. IDENTIFY: Apply }’F,=0and `F, =0 to one of the spheres. 


SETUP: The free-body diagram is sketched in Figure 21.74. F, is the repulsive Coulomb force between the 
spheres. For small 0, sind = tand. 


: 2 
EXECUTE: > F.=TsinO-F,=Oand XF, =TcosO-—mg =0.So mig sind =F = kq But tan@ ~sing= A 
ž 5 y cosO0 e Ë 2L 
2kq?L ar 
o d = HEE and d -È 4 : 
mg 27€,mg 
EVALUATE: d increases when q increases. 
T 
F. T sin ð 


mg 


Figure 21.74 


21.75. IDENTIFY: Use Coulomb's law for the force that one sphere exerts on the other and apply the 1st condition of 
equilibrium to one of the spheres. 
(a) SETUP: The placement of the spheres is sketched in Figure 21.75a. 


9 N 
1.20 m 25° 155° 1.20 m 


m m 


m ee 


q<0 120m 120m 450 
sin25° sin250 


Figure 21.75a 
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The free-body diagrams for each sphere are given in Figure 21.75b. 


sphere on the left: sphere on the right: 
y y 


T cos 25° 


a 50 A ) 
Tsin 25 Tsin 25° 


x x 
q 
| mg msgs 


Figure 21.75b 
F, is the repulsive Coulomb force exerted by one sphere on the other. 
(b) EXECUTE: From either force diagram in part (a): SE =ma, 


Tcos25.0°—mg =0 and T = me, 


cos 25.0° 
DA =a, 
Tsin25.0°— F, =0 and F, =T sin 25.0° 
Use the first equation to eliminate T in the second: F, =(mg/cos25.0°)(sin25.0°) = mg tan 25.0° 


o llaa 1 &@_ ıl q? 


F, : 
4ne, r°? 4me,r? 4re [2(1.20 m)sin25.0°/ 


c 


1 q? 


Combine this with F, = mg tan25.0° and get mg tan25.0° = - 5 
4ze, [2(1.20 m)sin25.0°] 


mg tan25.0° 
(1/476) 


(15.0x10° kg)(9.80 m/s’) tan 25.0° 
8.988 x10° N-m7/C? 
(c) The separation between the two spheres is given by 2Lsin@. q =2.80uC as found in part (b). 


F, =(1/476,)q°/(2Lsin0) and F, = mg tan@. Thus (1/476) q°/(2Lsind) = mg tand. 


q =(2.40 m)sin 25.0° 


q =(2.40 m)sin 25.0° =2.80x10° C 


6 AY? 
(sind) tano = 1 q? _ (8.988x10° N-m?/C?) CLUS C) 
4(0.600 m) (15.0x10° kg)(9.80 m/s’) 


47e, 4L mg 
Solve this equation by trial and error. This will go quicker if we can make a good estimate of the value of 6 that 


= 0.3328. 


solves the equation. For @ small, tan@ ~sin@. With this approximation the equation becomes sin’ 6 = 0.3328 
and sin@ =0.6930, so 0 =43.9°. Now refine this guess: 


0 sin’ OtanO 
45.0° 0.5000 
40.0° 0.3467 
39.6° 0.3361 
39.5° 0.3335 
39.4° 0.3309 so 0=39.5° 


EVALUATE: The expression in part (c) says 0 > 0 as L > œ and 0 — 90° as L > 0. When L is decreased from 
the value in part (a), 0 increases. 

IDENTIFY: Apply DF, =0 and DF, =0 to each sphere. 

SETUP: (a) Free body diagrams are given in Figure 21.76. F, is the repulsive electric force that one sphere 
exerts on the other. 

EXECUTE: (b) T =mg/cos20°=0.0834N, so F, =T sin20° = 0.0285 N = Kd, . (Note: 


n 


r, =2(0.500 m)sin 20° = 0.342 m.) 
(c) From part (b), qq, =3.71x10" C’. 
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(d) The charges on the spheres are made equal by connecting them with a wire, but we still have 


2 
F,=mgtan@ = 0.0453 N= TE g , where Q = a . But the separation r, is known: 


0 ty 

. ° K q +q Me y é 
r, = 2(0.500 m)sin30° = 0.500 m. Hence: Q = at =/4ze,F; =1.12x10° C. This equation, along 
with that from part (c), gives us two equations in q, and q,: g,+q,=2.24x10~° C and q,q, =3.71x10° C’. 


By elimination, substitution and after solving the resulting quadratic equation, we find: q, =2.06x10° C and 


q, =1.80x107 C. 

EVALUATE: After the spheres are connected by the wire, the charge on sphere 1 decreases and the charge on 
sphere 2 increases. The product of the charges on the sphere increases and the thread makes a larger angle with the 
vertical. 


Tsin20° Tsin 20° 


mg mg 


Figure 21.76 


IDENTIFY and SET Up: Use Avogadro's number to find the number of Na” and Cl” ions and the total positive 

and negative charge. Use Coulomb's law to calculate the electric force and F = mā to calculate the acceleration. 
(a) EXECUTE: The number of Na’ ions in 0.100 mol of NaCl is N =nN,. The charge of one ion is +e, so the 

total charge is q, =nN,e = (0.100 mol)(6.022 x10” ions/mol)(1.602 x 107’ C/ion) = 9.647 x10° C 


There are the same number of Cl” ions and each has charge —e, so q, =—9.647x10° C. 
= _1_ laal gorii N- mc?) 0-647 x10" O 
4re, r (0.0200 m) 
(b) a = F/m. Need the mass of 0.100 mol of Cl” ions. For Cl, M =35.453x10° kg/mol, so 
F _ 2.09x10""N 
m 35.45x10~ kg 
(c) EVALUATE: Isis not reasonable to have such a huge force. The net charges of objects are rarely larger than 1 uC; 


F =2.09x10" N 


=5.90x10” m/s’. 


m =(0.100 mol)(35.453 x10” kg/mol) =35.45x10* kg. Then a= 


a charge of 10° C is immense. A small amount of material contains huge amounts of positive and negative charges. 
IDENTIFY: For the acceleration (and hence the force) on Q to be upward, as indicated, the forces due to qı and q2 
must have equal strengths, so qı and q) must have equal magnitudes. Furthermore, for the force to be upward, qı 
must be positive and q2 must be negative. 

SET Up: Since we know the acceleration of Q, Newton’s second law gives us the magnitude of the force on it. 
We can then add the force components using F = Fy, cos 8 + F, cos 8 = 2Fy, cos@ . The electrical force on Q is 


1 be As 
given by Coulomb’s law, Fy, = z“ (for qı) and likewise for qo. 
TQ r 


EXECUTE: First find the net force: F = ma = (0.00500 kg)(324 m/s’) = 1.62 N. Now add the force 
components, calling 0 the angle between the line connecting q, and qz and the line connecting qı and Q. 


F 1.62 N 
F = F, cos0+ Fo, cCos0 =2F, cos@ and Fy, = a: = (222) = 1.08 N. Now find the charges by 
3.00cm 
solving for qı in Coulomb’s law and use the fact that q, and q, have equal magnitudes but opposite signs. 
rF 2 
ELA eee O ES AE ace! 
| 4ng r lo (9.00x10°N-m*/C)(1.75x 10°C) 


q, =-G, =-6.17« 10° C. 
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EVALUATE: Simple reasoning allows us first to conclude that q; and q2 must have equal magnitudes but opposite 
signs, which makes the equations much easier to set up than if we had tried to solve the problem in the general 
case. As Q accelerates and hence moves upward, the magnitude of the acceleration vector will change in a 
complicated way. 

21.79. IDENTIFY: Use Coulomb's law to calculate the forces between pairs of charges and sum these forces as vectors to 
find the net charge. 
(a) SETUP: The forces are sketched in Figure 21.79a. 


EXECUTE: F,+F,=0, so the net force is F =F,. 


2 
1 CL ta z» away from the vacant corner. 
Ane, (LIV2) 46,1’ 


Figure 21.79a 


(b) SETUP: The forces are sketched in Figure 21.79b. 
q q 


2 
Execure: p= 40) 34° _ 
4ra ( /21) Are, (2r) 
1 a(34)__30 


F =F = = 
! "3 Ane, P Ane,L 


The vector sum of F and F, is F,=/F+F;. 


Figure 21.79b 


_ 3V2q°. 


eae F, and F, are in the same direction. 
4re L 


F, =V2F, 


2 
F=F,+F,= 3q 5 [va r i } and is directed toward the center of the square. 
4re,L 2 
EVALUATE: By symmetry the net force is along the diagonal of the square. The net force is only slightly larger 
when the —3q charge is at the center. Here it is closer to the charge at point 2 but the other two forces cancel. 
21.80. IDENTIFY: Use Eq.(21.7) for the electric field produced by each point charge. Apply the principle of 
superposition and add the fields as vectors to find the net field. 
(a) SETUP: The fields due to each charge are shown in Figure 21.80a. 


y 


l 
+q eo. 
Pa x? +a? 


Figure 21.80a 
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EXECUTE: The components of the fields are given in Figure 21.80b. 
E 


Figure 21.80b 


E, =—F,sin6, £,, =+E,sin@ so E, = E, + E,, 


1 
E, =E,, =+E,cos0= i J= ? 
i > Ame, a +x? x? Vx? +a? 
1 q 2q 
E =E, +E, +8, =2 
ee aa Hes ae Arex” 
2q (1 x 2q 1 
E = 4 5 F 35372 = 4 2 1 2, 2\3/2 
me x (a +x ) MEX (+a /x ) 


Thus E=—"4 {1 
47@,x 


, inthe — x-direction. 
(1 ta’/x? i 


b) x>>a implies a2/x? <<1 and (14a2/x2)” #1—3a?/2x?. 
p 


2 2 

Tis ra pl ee a a 

4rgx 2x 4r x 
EVALUATE: £ ~1/x*. For a point charge E ~1/x° and for a dipole E ~1/x°. The total charge is zero so at 
large distances the electric field should decrease faster with distance than for a point charge. By symmetry E must 
lie along the x-axis, which is the result we found in part (a). 
IDENTIFY: The small bags of protons behave like point-masses and point-charges since they are extremely far apart. 
SET Up: For point-particles, we use Newton’s formula for universal gravitation (F = Gm m)/r°) and Coulomb’s 
law. The number of protons is the mass of protons in the bag divided by the mass of a single proton. 
EXECUTE: (a) (0.0010 kg)/(1.67 x10” kg) = 6.0 x10” protons 


(b) Using Coulomb’s law, where the separation is twice is the radius of the earth, we have 
Fiat = (9.00 x 10° N- m°/C’)(6.0 x 10° x 1.60 x 10°” oe) x 6.38 x 10°m)’ =5.1 x 10°N 
Fray = (6.67 x 10°! N - m’/kg’)(0.0010 kg)?/(2 x 6.38 x 10° m}? = 4.1 x 10°! N 
(c) EVALUATE: The electrical force (200,000 Ib!) is certainly large enough to feel, but the gravitational force 
clearly is not since it is about 10°° times weaker. 
IDENTIFY: We can treat the protons as point-charges and use Coulomb’s law. 
SETUP: (a) Coulomb’s law is F = (1/476) qq, l/r’. 


EXECUTE: F = (9.00 x 10° N- m’/C’)(1.60 x 10°"? C)’/(2.0 x 10°% m) = 58 N = 13 lb, which is certainly large 
enough to feel. 

(b) EVALUATE: Something must be holding the nucleus together by opposing this enormous repulsion. This is 
the strong nuclear force. 

IDENTIFY: Estimate the number of protons in the textbook and from this find the net charge of the textbook. 
Apply Coulomb's law to find the force and use F „= ma to find the acceleration. 


SETUP: With the mass of the book about 1.0 kg, most of which is protons and neutrons, we find that the number 
of protons is +(1.0 kg)/(1.67 x10” kg) =3.0x10"°. 

EXECUTE: (a) The charge difference present if the electron’s charge was 99.999% of the proton’s is 

Aq = (3.0x10°)(0.00001)(1.6 x10"? C)=480C. 

(b) F =k(Aq)’ /r? =k(480 C} /(5.0 m}? =8.3x10" N , and is repulsive. 

a= F/m=(8.3x10" N)/(1kg) =8.3x10" m/s’. 

EXECUTE: (c) Even the slightest charge imbalance in matter would lead to explosive repulsion! 
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IDENTIFY: The electric field exerts equal and opposite forces on the two balls, causing them to swing away from 
each other. When the balls hang stationary, they are in equilibrium so the forces on them (electrical, gravitational, 
and tension in the strings) must balance. 

SETUP: (a) The force on the left ball is in the direction of the electric field, so it must be positive, while the force 
on the right ball is opposite to the electric field, so it must be negative. 

(b) Balancing horizontal and vertical forces gives gE = T sin 92 and mg = T cos 4/2. 

EXECUTE: Solving for the angle 0 gives: 0= 2 arctan(qE/mg). 

(c) As E > œ, 0> 2 arctan() = 2 (2/2) = n = 180° 

EVALUATE: Ifthe field were large enough, the gravitational force would not be important, so the strings would 
be horizontal. 

IDENTIFY and SET Up: Use the density of copper to calculate the number of moles and then the number of atoms. 
Calculate the net charge and then use Coulomb's law to calculate the force. 


EXECUTE: (a) m= pV = (zr) =(8.9x10° kem’) $z (00x107 m) =3.728x10% kg 


n=m/M =(3.728x10* kg)/(63.546x10° kg/mol) =5.867x10* mol 
N =nN, =3.5x10” atoms 
(b) N, = (29)(3.5 x 10°) =1.015x10” electrons and protons 


daa =EN, —(0.99900)eN, = (0.100 x107)(1.602 x10" C)(1.015x10) =1.6 C 


(1.6C) 


qg 
F=k% =k > =2.3x10" N 


r’? (1.00m) 


EVALUATE: The amount of positive and negative charge in even small objects is immense. If the charge of an 
electron and a proton weren't exactly equal, objects would have large net charges. 
IDENTIFY: Apply constant acceleration equations to a drop to find the acceleration. Then use F = ma to find the 


force and F = lq|E to find ql . 

SETUP: Let D=2.0 cm be the horizontal distance the drop travels and d =0.30 mm be its vertical 
displacement. Let +x be horizontal and in the direction from the nozzle toward the paper and let +y be vertical, in 
the direction of the deflection of the drop. a, =0 and a, =a. 


47(15.0x10° m)? 
3 

_ 2d _ 2(3.00x10~ m) 

=P (0.0018) 


EXECUTE: First, the mass of the drop: m = pV = (1000 ks/' ) =1.41x10"' kg . Next, the 


time of flight: t = D/v = (0.020 m)/(20 m/s) =0.00100s. d = rat a = 600 m/s". 


(1.41x10™" kg)(600 m/s’) 
8.00x10* N/C 

EVALUATE: Since q is positive the vertical deflection is in the direction of the electric field. 

IDENTIFY: Eq. (21.3) gives the force exerted by the electric field. This force is constant since the electric field is 

uniform and gives the proton a constant acceleration. Apply the constant acceleration equations for the x- and 


y-components of the motion, just as for projectile motion. 
(a) SETUP: The electric field is upward so the electric force on the positively charged proton is upward and has 


=1.06x10 °C. 


Then a=F/m=qE/m gives q =ma/E = 


magnitude F = eE. Use coordinates where positive y is downward. Then applying SF = mda to the proton gives 
that a, =0 and a, =—eE/m. In these coordinates the initial velocity has components v, =+v,cosa@ and 


v, =+vsing, as shown in Figure 21.87a. 


a 


Figure 21.87a 
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EXECUTE: Finding hax: Aty =h,,,, the y-component of the velocity is zero. 


‘max 


v, =0, v, =vsing, a, =—eE/m, y—y, =h 
Pia, L 
v; = Voy +2a, (y Yo) 
Dd 152). 
V; = Voy 


ya Va = 
2a 
y 


h = -v sin°œ _ mvi sin’ a 
we 2(-eE/m) 2eE 


(b) Use the vertical motion to find the time £: y—y, =0, Voy = Vo sing, a,= —eE/m, t=? 
Y— Yo = Vot + tat? 


2v,. D: i . 
With y- y, =0 this gives ¢ = o (vo sina) = 2mv sin a 
a, —eE/m eE 


y 


Then use the x-component motion to find d: a, =0, v, =v, cosg, t =2mv sing /eE, x—x,=d =? 


2mv sina \_mv2singcosæ mv; sin2æ 
eE eE eE 
(c) The trajectory of the proton is sketched in Figure 21.87b. 


= 1 2 oj = 
X— Xo =Vv,t+>a,t° gives d=v,osa( 


Figure 21.87b 


2 
4.00 x10° m/s )(sin30.0°) | (1.673x10 7” k 
(d) Use the expression in part (a): Apax = ( x s)(sin )] ( ‘i g) 


=0.418 
i 2(1.602x10-” C)(500 N/C) 5 


(1.673x10” kg)(4.00x10* m/s) sin 60.0° 


= 2.89 
(1.602 x10" C)(500 N/C) 5 


Use the expression in part (b): d = 


EVALUATE: [In part (a), a, =—eE/m = —4.8 x 10'° m/s’. This is much larger in magnitude than g, the acceleration 
due to gravity, so it is reasonable to ignore gravity. The motion is just like projectile motion, except that the 
acceleration is upward rather than downward and has a much different magnitude. Aa and d increase when 


max 


a or v, increase and decrease when E increases. 
IDENTIFY: ŒE, =£,,+£,,. Use Eq.(21.7) for the electric field due to each point charge. 


SETUP:  E is directed away from positive charges and toward negative charges. 
1 lal. 4.00x10° C 


EXECUTE: (a) E,=+50.0 N/C. E, = = = (8.99 x10” N-m’/C*) = = 499.9 NIC. 
Are, T, (0.60 m) 


E.=£,,+£,,,80 E, =E,- E, =+50.0 N/C -99.9 N/C =-49.9 N/C . Since E,, is negative, q, must be 
[Ex|r _ (49.9 N/C)(1.20 my 
(1/476) 8.99x10° N- m°/C? 
(b) E£, =-50.0 N/C. E,, = +99.9 N/C , as in part (a). E,, = E, — E,, =—149.9 N/C . q, is negative. 
Ext _ (149.9 N/C)(1.20 m)? 
(1/476)  8.99x10° N-m°/C? 


negative. lal = =7.99x10° C. q,=-7.99x10° C 


=2.40x10* C. q, =-2.40x10° C. 


|go|= 


EVALUATE: q, would be positive if E,, were positive. 
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21.89. IDENTIFY: Divide the charge distribution into infinitesimal segments of length dx . Calculate E,and E, due to a 
segment and integrate to find the total field. 
SETUP: The charge dQ ofa segment of length dx is dQ =(Q/a)dx . The distance between a segment at x and 
the charge q is at+r—x. (l—-y)'x1l+y when |y] <<l1. 
f 1 1 
EXECUTE: (a) dE, = l — 2 so E, = l Í Oar z= l ef | 
~ Ae, (atr—-Xx) ~ 4ng ala+r-x) 4mea\r a+r 
a+r=x,so E = i Al l L). £,=0. 
 4nręaa\ x-a x á 
(b) F = gk =— al : “i. 
4me, a \x-a x 
k k k 1 
EvaLuaTe: (c)For x>>a, F- E-a -jirar qQ z q9 . (Note that for 
ax ax x Are, r 
x>>a, r=x-—azx.) The charge distribution looks like a point charge from far away, so the force takes the form 
of the force between a pair of point charges. 
21.90. IDENTIFY: Use Eq. (21.7) to calculate the electric field due to a small slice of the line of charge and integrate as 


in Example 21.11. Use Eq. (21.3) to calculate F. 
SETUP: The electric field due to an infinitesimal segment of the line of charge is sketched in Figure 21.90. 


ly 
sind = —~— 
J2? +y? 
cos = 
x x +y 


Figure 21.90 


Slice the charge distribution up into small pieces of length dy. The charge dQ in each slice is dO = O(dy/a). The 


electric field this produces at a distance x along the x-axis is dE. Calculate the components of dE and then integrate 
over the charge distribution to find the components of the total field. 


EXECUTE: dE = i | dQ |- Q | ay 


Ane \ x+y? ~ Area x+y? 
dE. =dEcos0 = Qx dy 3a 
Area (x+y?) 
dE, =—dEsin@ = Q ydy a 
Area (x? +’) 
E, =[dE, = Ox j dy _ Ox |i y = Q 1 
* Anga”? (x? + yy? 4rga| x? ee ee ; 46x Jx? +a? 


Q pe yW Q ı f_o 1 
E = |dEy = = = 
7 J y Area J, (rt yy? Area X+ |, Arealx Jx? +a? 


(b) F =q,E 

-49 1 qQ (1 1 
F = E = Sy E= 
a a Amex Jx4a2 ” 2 4mea\x Neta 


2 -1/2 2 2 
(c) For x >> a l S a T ad iS z1 $ 
? Vx +a x : x : 


pee ra 2i Lo). 42 


=O 4m? ? Anealx x 2x) 82ex° 
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qQ 


and F is in the —x-direction. For x >> a the charge 
Arex 


EVALUATE: For x>>a, F, <<F, and F x|F,|= 


2 


distribution Q acts like a point charge. 
IDENTIFY: Apply Eq.(21.9) from Example 21.11. 


SETUP: a=2.50 cm. Replace Q by lol . Since Q is negative, E is toward the line of charge and 


AAS. eee os 
4T xx? +a’ 
1 lO| _: I 9.00x10° C 


i= i =(-7850 N/C)i. 
46 xx? +a? 47e, (0.100 m),/(0.100 m)? + (0.025 m)? 
(b) The electric field is less than that at the same distance from a point charge (8100 N/C). For large x, 
1 a a 


2 2 
(x+a)y'? = Lij +a [x y a]l —z |. E a" : g 1 z+: |. The first correction term to the point 
x x 2x f Ane, x 2x 


EXECUTE: E= 


charge result is negative. 
(c) For a 1% difference, we need the first term in the expansion beyond the point charge result to be less than 


2 
0.010: FF 0.010 =x = a /1/@(0.010)) =0.025 1/0.020 => x =0.177m. 
x 


EVALUATE: At x=10.0 cm (part b), the exact result for the line of charge is 3.1% smaller than for a point 
charge. It is sensible, therefore, that the difference is 1.0% at a somewhat larger distance, 17.7 cm. 

2 
IDENTIFY: The electrical force has magnitude F = 


— and is attractive. Apply YF = ma to the earth. 
7 


2 


; : : . i : 
SETUP: Fora circular orbit, a = Y The period T is £2" The mass of the earth is m, =5.97x10™ kg, the 
r v 


orbit radius of the earth is 1.50x10'' m and its orbital period is 3.146 x10" s . 
2 2,2 
amv 
be e 7 a kg)(4)(2?)(1.50x10!! m)? 
kT’ (8.99 x10° N-m7/C’)(3.146x10’ s)? 
EVALUATE: A very large net charge would be required. 
IDENTIFY: Apply Eq.(21.11). 


SETUP: o =Q/A=Q/aR’. (+y)? e1-y?/2, when y’ <<1. 


EXECUTE: F =ma gives , SO 


=2.99x10" C. 


EXECUTE: (a) b= Z{1-(R +1)" ), 
26 


p — 4-00 pC (0.025 m)? i [coms m)? 


-1/2 
2 (0.200 m)? 1) | =0.89 N/C, in the +x direction. 
& .200 m 


2 2 
(b) For x>> R E=—[1-(1-R?/2x° ++) xZ £ 2 R a ote z 
25 26 2x" 4meqx° Amex 


(c) The electric field of (a) is less than that of the point charge (0.90 N/C) since the first correction term to the point 
charge result is negative. 
(0.90 — 0.89) 


(d) For x= 0.200 m , the percent difference is oxo 


=0.01=1%. For x=0.100m, 


(3.60 -3.43) 


Egy =3.43 N/C and E oim =3.60 N/C, so the percent difference is = 0.047 = 5%. 


oint 


EVALUATE: The field of a disk becomes closer to the field of a point charge as the distance from the disk 
increases. At x =10.0 cm, R/x=25% and the percent difference between the field of the disk and the field of a 
point charge is 5%. 

IDENTIFY: Apply the procedure specified in the problem. 


SET UP: ie f(x)dx = f i fod. 
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a 0 a ag a 
EXECUTE: (a) For f(x)= f(-x), E f (x)dx =| f(x)dx +f f (x)dx = J, f (—x)d(-x) 4 f f(x)dx . Now 
replace —x with y. This gives f f(x)dx = J, foray +) f@dx =2 J, fedax ; 
a 0 a -a a 
(b) For g(x) =—g(-x), ie g(x)dx =| g(x)dx+ f g(x)dx = A g(—x)(-d(-x)) 4 f; g(x)dx . Now replace 
—x with y. This gives f g(x)dx = -f 20)dy + i g(x)dx =0. 
(c) The integrand in Æ, for Example 21.11 is odd, so E,,=0. 
EVALUATE: In Example 21.11, £,=0 because for each infinitesimal segment in the upper half of the line of charge, 
there is a corresponding infinitesimal segment in the bottom half of the line that has £, in the opposite direction. 
21.95. IDENTIFY: Find the resultant electric field due to the two point charges. Then use F = gE to calculate the force 
on the point charge. 
SETUP: Use the results of Problems 21.90 and 21.89. 
EXECUTE: (a) The y-components of the electric field cancel, and the x-component from both charges, as given in 
Problem 21.90, is E, = 1 -20/1 5 l zz |- Therefore, F= pea 5 l Fae i If y>>a 
me, a \y (y +a’) 4ra a \y (y +a’) 
Pel OG gas Qaa; i. 
47e, ay 4ne, y? 
(b) If the point charge is now on the x-axis the two halves of the charge distribution provide different forces, 
; : = = 1 1 1 \; 
though still along the x-axis, as given in Problem 21.89: F, =qE, = of. J 
4me, a \ x- 
E = 1 1 A 
and F =q E_= l af: ji . Therefore, F= F, F= aL -ji . For x>>a, 
4ra a\x x+a 4ng a x x+a 
5 2 2 x 1 2 ts 
Fr ee 1445 t...{-24+] 1 Eye -| |i = — O94 5 
Ame, ax x x XOX 4ne, x 
EVALUATE: Ifthe charge distributed along the x-axis were all positive or all negative, the force would be 
proportional to 1/ y? in part (a) and to 1/x° in part (b), when y or x is very large. 
21.96. IDENTIFY: Divide the semicircle into infinitesimal segments. Find the electric field dE due to each segment and 
integrate over the semicircle to find the total electric field. 
SETUP: The electric fields along the x-direction from the left and right halves of the semicircle cancel. The 
remaining y-component points in the negative y-direction. The charge per unit length of the semicircle is 
1-2 and ap KA ado 
ma a a 
i z 2k 
EXECUTE: dE, =dEsin@= Kast ae . Therefore, E, = AA E sinf d0 = eh Ra sO}? = Ad = Zk ; 
a ase a a ma 
the —y -direction . 
EVALUATE: Fora full circle of charge the electric field at the center would be zero. For a quarter-circle of 
charge, in the first quadrant, the electric field at the center of curvature would have nonzero x and y components. 
The calculation for the semicircle is particularly simple, because all the charge is the same distance from point P. 
21.97. IDENTIFY: Divide the charge distribution into small segments, use the point charge formula for the electric field 


due to each small segment and integrate over the charge distribution to find the x and y components of the total field. 


SETUP: Consider the small segment shown in Figure 21.97a. 
A á 


EXECUTE: A small segment that 
subtends angle d0 has length a d0 and 


ado contains charge dO = [M20 22a = 2 16 


a 
2 
ye (za is the total length of the charge 


distribution.) 
O 


Figure 21.97a 
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21.98. 


21.99. 


The charge is negative, so the field at the origin is directed toward the small segment. The small segment is located at 


angle @ as shown in the sketch. The electric field due to dQ is shown in Figure 21.97b, along with its components. 
y 


Are, a 
pet 
x 27ga 


dE, 
Figure 21.97b 


dE, =dEcos0 = (0/27°ga°)cos 0d0 


x/2 Q ; z Q 
E, = Jae. = Treat le COMES 27ga? (sinoļg?) = 27ga? 
dE, = dEsin@ = (Q/2n7«,a° )sin 0d0 
Q pm, Q z Q 
E, =| dE, = nea Y sin 0d 0 ar esee”) T 2m ga? 


EVALUATE: Note that E, = £,, as expected from symmetry. 
IDENTIFY: Apply SE =0 and SF. =0 to the sphere, with x horizontal and y vertical. 
SET Up: The free-body diagram for the sphere is given in Figure 21.98. The electric field E of the sheet is 


directed away from the sheet and has magnitude E = A (Eq.21.12). 
© 


EXECUTE: SF, =0 gives Tcosa=mg and T = Men ÈF, =0 gives T sina = 5 and ibis 19 ; 
cosa 5 sing 


es ; m, o o o 
Combining these two equations we have TE I? and tna =A. Therefore, œ = aroan 42) ; 


cosa 2e,sina 2e,mg 2emg 
EVALUATE: The electric field of the sheet, and hence the force it exerts on the sphere, is independent of the 
distance of the sphere from the sheet. 


y 


Figure 21.98 


IDENTIFY: Each wire produces an electric field at P due to a finite wire. These fields add by vector addition. 


SETUP: Each field has magnitude TRER = . The field due to the negative wire points to the left, while 
Ame xx? +a? 
the field due to the positive wire points downward, making the two fields perpendicular to each other and of equal 


: ; ae 1 
magnitude. The net field is the vector sum of these two, which is Ene = 2E; cos 45° = 2 Q cos45°. In 
TE xy Xx? +a? 


part (b), the electrical force on an electron at P is eE. 


: 1 Q 
EXECUTE: (a) The net field is Ene = 2 cos45°. 
ME, xx? +a? 


7 2(9.00x10°N ; m°/C? )(2.50x 10°C)cos45° 


(0.600 m),/(0.600 m)? +(0.600 m)? 
The direction is 225° counterclockwise from an axis pointing to the right through the positive wire. 


=6.25 x 10° N/C. 
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(b) F = eE = (1.60 x 10°” C)(6.25 x 10° N/C) = 1.00 x 10“ N, opposite to the direction of the electric field, since 
the electron has negative charge. 
EVALUATE: Since the electric fields due to the two wires have equal magnitudes and are perpendicular to each 
other, we only have to calculate one of them in the solution. 
21.100. IDENTIFY: Each sheet produces an electric field that is independent of the distance from the sheet. The net field 
is the vector sum of the two fields. 
SETUP: The formula for each field is E =o/2e,, and the net field is the vector sum of these, 
+ 
= Is +24 P8704 where we use the + or — sign depending on whether the fields are in the same or 
2e, 26 25 
opposite directions and o, and o,, are the magnitudes of the surface charges. 
EXECUTE: (a) The two fields oppose and the field of B is stronger than that of A, so 
a P EA 2 
E= 22-24 TaT = US HCI SOUCA = 1.19 x 10° NIC, to the right. 
De 24 2g 2(8.85 x10? C?/N-m°) 
(b) The fields are now in the same direction, so their magnitudes add. 
Ea = (11.6 wC/m? + 9.50 wC/m’)/2 € = 1.19 x 10° N/C, to the right 
(c) The fields add but now point to the left, so Enet = 1.19 x 10° NIC, to the left. 
EVALUATE: Wecan simplify the calculations by sketching the fields and doing an algebraic solution first. 
21.101. IDENTIFY: Each sheet produces an electric field that is independent of the distance from the sheet. The net field 
is the vector sum of the two fields. 
SETUP: The formula for each field is E =o /2e,, and the net field is the vector sum of these, 
+ 
aa Is Ia —On7 04 where we use the + or — sign depending on whether the fields are in the same or 
26 26 25 
opposite directions and o, and ø, are the magnitudes of the surface charges. 
EXECUTE: (a) The fields add and point to the left, giving Ene = 1.19 x 10°N/C. 
(b) The fields oppose and point to the left, so Ene = 1.19 x 10° N/C. 
(c) The fields oppose but now point to the right, giving Ene = 1.19 x 10° N/C. 
EVALUATE: Wecan simplify the calculations by sketching the fields and doing an algebraic solution first. 
21.102. IDENTIFY: The sheets produce an electric field in the region between them which is the vector sum of the fields 
from the two sheets. 
SETUP: The force on the negative oil droplet must be upward to balance gravity. The net electric field between 
the sheets is E =o/e,, and the electrical force on the droplet must balance gravity, so gE = mg. 
EXECUTE: (a) The electrical force on the drop must be upward, so the field should point downward since the 
drop is negative. 
(b) The charge of the drop is 5e, so gE = mg. (5e)(o/e,) = mg and 
mge, _(324x10° kg)(9.80 m/s” )(8.85 x10"? C?/N-m’) ; 
5e 5(1.60x10™ C) 
EVALUATE: Balancing oil droplets between plates was the basis of the Milliken Oil-Drop Experiment which 
produced the first measurement of the mass of an electron. 
21.103. IDENTIFY and SETUP: Example 21.12 gives the electric field due to one infinite sheet. Add the two fields as 
vectors. 
EXECUTE: The electric field due to the first sheet, which is in the xy-plane, is E, = (o/ 2«, )k forz>0 and 
E = -(0/26,)k forz<0. We can write this as E, = (c/2e,)(z/|z|)k, since z/ |z| =+] forz >0 and z/ |z| =-z/z=-1 
for z <0. Similarly, we can write the electric field due to the second sheet as E, =-(0/26,)(x/ |x|)i , since its 
charge density is —c. The net field is E = E, + E, = (o/2«,)(—(2/|x ji + (2/|z )k). 
EVALUATE: The electric field is independent of the y-component of the field point since displacement in the 
+y- direction is parallel to both planes. The field depends on which side of each plane the field is located. 
21.104. IDENTIFY: Apply Eq.(21.11) for the electric field of a disk. The hole can be described by adding a disk of charge 


density —o and radius R, to a solid disk of charge density +o and radius R, . 
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21.105. 


21.106. 


SET Up: The area of the annulus is 7(R; — R7)o . The electric field of a disk, Eq.(21.11) is 
-£[i-1/ faire] 
EXECUTE: (a) O=4o=2(R)-R)o 
(b) E(x) sal AR} +1|- [1-1 yay ]) aly, E(x)= AUNG PHI -1/4 AR a)i. f 


The electric field is in the +x direction at points above the disk and in i —x direction at points below the disk, and 


the factor ci specifies these directions. 


2 
a 1 1 > 
(©) Note that 1 RIF -aR “El This gives E(x) = z(z A =E i= a f hhi 


Sufficiently close means that (x / Ry <<1. 


(d) F. =gE, = e bza a The force is in the form of Hooke’s law: F, =—kx , with k = gli -5 ' 


f= E- 2. 
27 27 Al R =) 


EVALUATE: The frequency is independent of the initial position of the particle, so long as this position is 
sufficiently close to the center of the annulus for (x/R,)’ to be small. 


IDENTIFY: Apply Coulomb’s law to calculate the forces that q, and q, exert on q, , and add these force vectors 


to get the net force. 

SET Up: Like charges repel and unlike charges attract. Let +x be to the right and +y be toward the top of the page. 
EXECUTE: (a) The four possible force diagrams are sketched in Figure 21.105a. 

Only the last picture can result in a net force in the —x-direction. 

(b) q, =-2.00 uC, q, =+4.00 uC, and gq, >0. 


(c) The forces F, and F, and their components are sketched in Figure 21.105b. 


F,=0= : alla zsinð, 4 : las ;sin 0, . This gives 
Are, Oe 0400 m) 47e, (0.0300 m) 
9, sin, 3/5 27 
= =0.843 uC. 
dE i6 ("I Sina, > 16 a ala 7s 54 n 
(d) F.=F,+F,,and F,=0,s0 F =|q,|— ai eae a) - 2) =s6aN. 
47e, | (0.0400 m)? 5 (0.0300 m}? 5 


EVALUATE: The net force F on q, is in the same direction as the resultant electric field at the location of q, due 
to q, and q,. 


B < Ne ma 
qı > 9, q2 > 0 < 0, q2 < 0 
qı > 9.q2 < 9 qı < 9,q. > 0 


(a) 


Figure 21.105 


IDENTIFY: Calculate the electric field at P due to each charge and add these field vectors to get the net field. 
SETUP: The electric field of a point charge is directed away from a positive charge and toward a negative 
charge. Let +x be to the right and let +y be toward the top of the page. 

EXECUTE: (a) The four possible diagrams are sketched in Figure 21.106a. 

The first diagram is the only one in which the electric field must point in the negative y-direction. 

(b) q, =-3.00 uC, and q, <0. 
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= = fae . 12 
(c) The electric fields E, and E, and their components are sketched in Figure 24.106b. cos 6, == , sind, = ag? 


‘al a Ka. a This gives kla-| = Kal 2 í 
(0.120m)* (0.050 m)? 12 


eto ia dag: E =0= ; - , 
13 13 (0.050 m)? 13 (0.120 m) 13 


Solving for |q,| gives |g,|=7.2 uC , so q, =—-7.2 uC . Then 
__ kaļ 12 kg 5. 
»*~(0.050m)y 13 (0.120 m}? 13 


EVALUATE: With q, known, specifying the direction of E determines both q, and E. 
E, cos 0; E, cos 0z 


1.17x10’ N/C. E =1.17 x10" N/C. 


E 


E ae 


qı < 9,q2 < 0 Ez qı > 9,q2 > 0 D eee 
q > 0,q <0 qa <0,q, >0 Ei Ey sin 0, 
(a) (b) 
Figure 21.106 


21.107. IDENTIFY: To find the electric field due to the second rod, divide that rod into infinitesimal segments of length 
dx, calculate the field dE due to each segment and integrate over the length of the rod to find the total field due to 


the rod. Use dF =dg E to find the force the electric field of the second rod exerts on each infinitesimal segment of 


the first rod. 
SET Up: An infinitesimal segment of the second rod is sketched in Figure 21.107. dQ =(Q/L)dx' . 


EXECUTE: (a) dE= mae see a a 
(x+a/2+L—-x’') L (x+a/2+L-x’') 
r L 
E ='2j° dx 0 1 1-4 1 1 ]; 
o g0% £ #0 (x+a/24+L—x') L |x+a/2+L-x' | L\x+a/2 x+a/2+L 


rae #e( 1 1 ) 

“LT (2x+a 2L+2x+a) 
(b) Now consider the force that the field of the second rod exerts on an infinitesimal segment dq of the first rod. 
This force is in the +x-direction. dF = dq E. 


2, 
F=[Edg=[0"" 2 ae - 72) L | de 
af2 L LD #al2 2x+a 2L+2x+a 


pate “(tin (a + 2xy]i49!? —[n(2L + 2x +a)]i44!?) = ie u((¢ eee z) (= Bs aa) , 


iE? 2a 4L+2a 
2 2 
pote in| (2+) |. 
L a(a+2L) 
kQ, (a(l+L/ay \ ko? 
c) For a>> L, F= In = 21n (1+L/a)-ln(l+2L/a)). 
(©) - Ge pr In (14 £/a)—In(l + 2L/a)) 
2 2 2 2 k 2 
For small z, In(1+ z) = z- . Therefore, for a>>L, Fate 2 L = He > ae bese | | g : 
2 L a 2a a a a 


EVALUATE: The distance between adjacent ends of the rods is a. When a >> L the distance between the rods is 


much greater than their lengths and they interact as point charges. 
y 


k’ kK 


a x 


d 


nd 
á al2 


kK—L—| 


Figure 21.107 
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22.1. 


22.2. 


22.3. 


22.4. 


(a) IDENTIFY and SETUP: ©, = fz cos¢dA, where ø is the angle between the normal to the sheet n and the 
electric field Ë. 

EXECUTE: In this problem £ and cos¢ are constant over the surface so 

o,= Ecos¢|dA = Ecos =(14 N/C)(cos60°)(0.250 m?) =1.8 N-m’/C. 

(b) EVALUATE: ©, is independent of the shape of the sheet as long as ¢ and E are constant at all points on the sheet. 
(c) EXECUTE: (i) ®, =Ecos@A. ©, is largest for ø =0°, so cosg=1 and ©, = EA. 

(ii) ®, is smallest for ø =90°, so cos¢@=0 and D, =0. 

EVALUATE: ©, is 0 when the surface is parallel to the field so no electric field lines pass through the surface. 
IDENTIFY: The field is uniform and the surface is flat, so use ©, = EAcos¢. 

SETUP: ¢ is the angle between the normal to the surface and the direction of E , so ¢=70°. 

EXECUTE: ©, =(75.0 N/C)(0.400 m)(0.600 m)cos70° = 6.16 N-m7/C 

EVALUATE: [Ifthe field were perpendicular to the surface the flux would be ®, = EA=18.0 N-m’/C. The flux in 


this problem is much less than this because only the component of E perpendicular to the surface contributes to the 
flux. 

IDENTIFY: The electric flux through an area is defined as the product of the component of the electric field 
perpendicular to the area times the area. 

(a) SETUP: In this case, the electric field is perpendicular to the surface of the sphere, so ©, = EA=E(4zr’). 
EXECUTE: Substituting in the numbers gives 


D, =(1.25x10° N/C)4z(0.150m) = 3.53x10° N -m?/C 
(b) IDENTIFY: We use the electric field due to a point charge. 


SeErUP: K= 4 


Ane, r’ 

EXECUTE: Solving for q and substituting the numbers gives 
1 

9.00 x 10? N-m?/C? 


EVALUATE: The flux would be the same no matter how large the circle, since the area is proportional to 7? while 
the electric field is proportional to 1/7’. 
IDENTIFY: Use Eq.(22.3) to calculate the flux for each surface. Use Eq.(22.8) to calculate the total enclosed charge. 


SETUP: E = (-5.00 N/C- m)xi + (3.00 N/C- m)zk . The area of each face is Z? , where L =0.300m. 
EXECUTE: fi, =-j>®,=E-fA,A=0. 
Ny = +k> D, =Ë -n, A = (3.00 N/C-m)(0.300 m)*z = (0.27 (N/C) -m)z . 
®, = (0.27 (N/C)m)(0.300 m) = 0.081 (N/C) -m° . 
ñ, =+j>®,=E-n, A=0. 
Ns = -k>®,=E “nN, A=—(0.27 (N/C)-m)z =0 (since z = 0). 
fis = +i> D, =Ë “As A = (-5.00 N/C - m)(0.300 m)’x = -(0.45 (N/C) -m)x. 
®, = —(0.45 (N/C) - m)(0.300 m) =-(0.135 (N/C) -m°). 
ñ, = -Í => ©, = Ë ñ, A=+(0.45 (N/C)-m)x =0 (since x =0). 


q=4rr E = 


(0.150m) (1.25 x10° N/C) =3.13x10°C 
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(b)Total flux: ®O=,+@, =(0.081—0.135)(N/C)-m? =—0.054 N-m’/C. Therefore, q =€,® =—4.78x10°" C. 
EVALUATE: Flux is positive when E is directed out of the volume and negative when it is directed into the 
volume. 

22.5. IDENTIFY: The flux through the curved upper half of the hemisphere is the same as the flux through the flat circle 
defined by the bottom of the hemisphere because every electric field line that passes through the flat circle also must 
pass through the curved surface of the hemisphere. 

SETUP: The electric field is perpendicular to the flat circle, so the flux is simply the product of E and the area of 
the flat circle of radius r. 

EXECUTE: ®,; = EA =E(ar’)= ar’ E 

EVALUATE: The flux would be the same if the hemisphere were replaced by any other surface bounded by the flat 
circle. 

22.6. IDENTIFY: Use Eq.(22.3) to calculate the flux for each surface. 

SETUP: ®=E-A=EAcos¢ where A= An. 

EXECUTE: (a) ñ, = -j (left). P, =-(4x 10° N/C)(0.10 m}? cos(90° —36.9°) = -24 N-m7/C. 

Ny, =+k (top). ®, =-(4x 10° N/C)(0.10 m}? cos90° = 0. 

fis = +j (right) . ®, =+(4x10° N/C)(0.10 m)? cos(90° —36.9°) = +24 N-m’/C, 

ny = —k (bottom) . D, =(4x 10° N/C)(0.10 m)?’ cos90° =0. 

Ny. = +i (front). P, =+(4 x10° N/C)(0.10 m)’ cos36.9° = 32 N-m’/C. 

ny = -Í (back) . ®, =-(4 x10° N/C)(0.10 m)” cos36.9° = -32 N-m’/C. 

EVALUATE: (b) The total flux through the cube must be zero; any flux entering the cube must also leave it, since 
the field is uniform. Our calculation gives the result; the sum of the fluxes calculated in part (a) is zero. 

22.7. (a) IDENTIFY: Use Eq.(22.5) to calculate the flux through the surface of the cylinder. 

SET Up: The line of charge and the cylinder are sketched in Figure 22.7. 
I end view E 
S, 
+ 
Figure 22.7 
EXECUTE: The area of the curved part of the cylinder is A =2z7l. 
The electric field is parallel to the end caps of the cylinder, so E-A=0 for the ends and the flux through the 
cylinder end caps is zero. 
The electric field is normal to the curved surface of the cylinder and has the same magnitude E = 2/27, at all 
points on this surface. Thus ¢=0° and 
6.00 x10°° C/m (0.400 m 
D, = FAcos§= FA=(4/2n67)(2art)=% =! -= I - ) arto" N-m’/C 
8.854x10 ^ C /N-m 
(b) In the calculation in part (a) the radius r of the cylinder divided out, so the flux remains the same, 
®, =2.71x10° N-m’/C. 
(c) © AE ANC OON (ORO) 5.42x10° N-m?/C (twice the flux calculated i (b) and (c)) 
c =—= =5.42x -m twice the flux calculated ın parts and (c)). 
z 8.854x10” C?/N-m? : 
EVALUATE: The flux depends on the number of field lines that pass through the surface of the cylinder. 
22.8. IDENTIFY: Apply Gauss’s law to each surface. 


SETUP: (.,.,is the algebraic sum of the charges enclosed by each surface. Flux out of the volume is positive and 
flux into the enclosed volume is negative. 
EXECUTE: (a) ®, =q,/e,=(4.00x10° C)/e, = 452 N-m’/C, 


(b) ®, =¢,/e, =(-7.80x10° C)/e, =-881 N -m°/C. 

(© Ds, =(4, +9,)/€ = ((4.00 - 7.80) x10” C)/e, =-429 N - m°/C. 

(d) D, =(g, + 9;)/€, =((4.00 + 2.40) x10 C)/e, = 723 N -m°/C. 

(e) ®, = (9, +q, +9)/€ = ((4.00 — 7.80 + 2.40) x10 C)/& =-158 N -m°/C. 


Gauss’s Law 22-3 


22.9. 


22.10. 


22.11. 


22.12. 


22.13. 


EVALUATE: (f) All that matters for Gauss’s law is the total amount of charge enclosed by the surface, not its 
distribution within the surface. 
IDENTIFY: Apply the results in Example 21.10 for the field of a spherical shell of charge. 


SET Up: Example 22.10 shows that E =0 inside a uniform spherical shell and that E = pl outside the shell. 
r 
EXECUTE: (a) E=0 


-6 
(b) r =0.060 m and E =(8.99x10° N-miC) Te = 375x10 N/C 
2 m 
—6 
c) r=0.110 mand £E =(8.99x10° Ne Ti N/C 
(0.110 m)? 


EVALUATE: Outside the shell the electric field is the same as if all the charge were concentrated at the center of 
the shell. But inside the shell the field is not the same as for a point charge at the center of the shell, inside the shell 
the electric field is zero. 
IDENTIFY: Apply Gauss’s law to the spherical surface. 
SETUP: Q ats the algebraic sum of the charges enclosed by the sphere. 
EXECUTE: (a) No charge enclosed so ®=0. 
2s -9 

poses A Selena 

& 885x10 C?/N-m 
(4.00 — 6.00)x10° C 
8.85x10? C?/N -m° 
EVALUATE: Negative flux corresponds to flux directed into the enclosed volume. The net flux depends only on the 
net charge enclosed by the surface and is not affected by any charges outside the enclosed volume. 
IDENTIFY: Apply Gauss’s law. 
SET Up: In each case consider a small Gaussian surface in the region of interest. 


(QQ p=- =-226N-m?/C. 


EXECUTE: (a) Since E is uniform, the flux through a closed surface must be zero. That is: 


= ÑE -dÄ = 3 = z [pav =0 [eav =0. But because we can choose any volume we want, p must be zero if 


the integral equals zero. 

(b) If there is no charge in a region of space, that does NOT mean that the electric field is uniform. Consider a 
closed volume close to, but not including, a point charge. The field diverges there, but there is no charge in that 
region. 

EVALUATE: The electric field within a region can depend on charges located outside the region. But the flux 
through a closed surface depends only on the net charge contained within that surface. 

IDENTIFY: Apply Gauss’s law. 

SET Up: Use a small Gaussian surface located in the region of question. 

EXECUTE: (a) If p>0 and uniform, then q inside any closed surface is greater than zero. This implies ® > 0, so 


GE -dA>0 and so the electric field cannot be uniform. That is, since an arbitrary surface of our choice encloses a 
non-zero amount of charge, E must depend on position. 
(b) However, inside a small bubble of zero charge density within the material with density p , the field can be 


uniform. All that is important is that there be zero flux through the surface of the bubble (since it encloses no 
charge). (See Problem 22.61.) 
EVALUATE: Ina region of uniform field, the flux through any closed surface is zero. 


(a) IDENTIFY and SET UP: Itis rather difficult to calculate the flux directly from ® = GE -dA since the magnitude 


of E and its angle with dA varies over the surface of the cube. A much easier approach is to use Gauss's law to 

calculate the total flux through the cube. Let the cube be the Gaussian surface. The charge enclosed is the point 

charge. 

t 9.60x10° C 
8.854x10 `? C?/N-m? 

By symmetry the flux is the same through each of the six faces, so the flux through one face is 

4(1.084x10° N-m?/C)=1.81x10° N-m?/C. 

(b) EVALUATE: In part (a) the size of the cube did not enter into the calculations. The flux through one face 


depends only on the amount of charge at the center of the cube. So the answer to (a) would not change if the size of 
the cube were changed. 


EXECUTE: ©, =(,,,,/€ =1.084x10° N-m’/C. 
E enci” “0 
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22.14. 


22.15. 


22.16. 


22.17. 


22.18. 


IDENTIFY: Apply the results of Examples 22.9 and 22.10. 


SETUP: E -ll 


r 


outside the sphere. A proton has charge +e. 


92(1.60x10™" C) 


~~" = 2.4x10" N/C 
(7.4x10-" m) 


EXECUTE: (a) E= fl- (899x10 N-m’/C’) 
r 


74x10 m 


b) For r =1.0x10" m, E =(2.4x107! N/C) 
-10 
1.0x10 m 


2 
=1.3x10"° N/C 
(c) E =0, inside a spherical shell. 
EVALUATE: The electric field in an atom is very large. 
IDENTIFY: The electric fields are produced by point charges. 


1 i 
SETUP: We use Coulomb’s law, E = PR , to calculate the electric fields. 
T&r 


5.00x10°C 


EXECUTE: (a) E =(9.00x10°N-m7/C* =4.50x10* N/C 
(1.00 mY 


6 
SNS oe N/C 
(7.00 m) 


(c) Every field line that enters the sphere on one side leaves it on the other side, so the net flux through the surface is 
Zero. 

EVALUATE: The flux would be zero no matter what shape the surface had, providing that no charge was inside the 
surface. 

IDENTIFY: Apply the results of Example 22.5. 

SET Up: Ata point 0.100 m outside the surface, r = 0.550 m. 

1 q 1 S00) 
Ane,’ 4re (0.550 m)? 
(b) £ =0 inside of a conductor or else free charges would move under the influence of forces, violating our 
electrostatic assumptions (i.e., that charges aren’t moving). 

EVALUATE: Outside the sphere its electric field is the same as would be produced by a point charge at its center, 
with the same charge. 

IDENTIFY: The electric field required to produce a spark 6 in. long is 6 times as strong as the field needed to 
produce a spark 1 in. long. 


(b) E =(9.00x10° N-m’/C’) 


EXECUTE: (a) E= =7.44 N/C. 


SETUP: By Gauss’s law, q = EA and the electric field is the same as for a point-charge, E = rae ; 

EXECUTE: (a) The electric field for 6-inch sparks is E = 6 x 2.00 x104 N/C =1.20x10° N/C 

The charge to produce this field is 

q =&EA = 6, E(4ar’) = (8.85 x10 C?/N -m’)(1.20x10° N/C)(47)(0.15m)° =3.00x107C. 

3.00x107C 
(0.150 m)? 

EVALUATE: It takes only about 0.3 uC to produce a field this strong. 


IDENTIFY: According to Exercise 21.32, the Earth’s electric field points towards its center. Since Mars’s electric 
field is similar to that of Earth, we assume it points toward the center of Mars. Therefore the charge on Mars must 
be negative. We use Gauss’s law to relate the electric flux to the charge causing it. 


(b) Using Coulomb’s law gives E =(9.00 x10’ N-m7/C’) =1.20x10°N/C. 


SETUP: Gauss’s law is ©, = 4 and the electric flux is @, =EA. 


EXECUTE: (a) Solving Gauss’s law for q, putting in the numbers, and recalling that q is negative, gives 

q =—6,© , =—(3.63 x 10'° N-m7/C)(8.85 x 107? C?/N : m°) = -3.21x 10°C. 

(b) Use the definition of electric flux to find the electric field. The area to use is the surface area of Mars. 
_@®, 3.63x10'°N-m’/C 


> = 2.5010? N/C 
A 47(3.40x10° m) 


q _ -3.21x10°C 
Anas 47(3.40 x106 m)? 


EVALUATE: Even though the charge on Mars is very large, it is spread over a large area, giving a small surface 
charge density. 


(c) The surface charge density on Mars is therefore o = =-2.21x10° C/m? 
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22.19. 


22.20. 


22.21. 


22.22. 


IDENTIFY and SET Up: Example 22.5 derived that the electric field just outside the surface of a spherical 


f 1 3 
conductor that has net charge q is E = ae Calculate g and from this the number of excess electrons. 
TE 
2 0.160 m) (1150 N/C 
EXECUTE: q= rE a m) ( - J =3.275x10° C. 
(1/47e,) 8.98810" N-m*/C 


Each electron has a charge of magnitude e=1.602 107" C, so the number of excess electrons needed is 
3.275x10° C 
1.602x10" C 

EVALUATE: The result we obtained for q is a typical value for the charge of an object. Such net charges 

correspond to a large number of excess electrons since the charge of each electron is very small. 

IDENTIFY: Apply Gauss’s law. 

SETUP: Draw a cylindrical Gaussian surface with the line of charge as its axis. The cylinder has radius 0.400 m 

and is 0.0200 m long. The electric field is then 840 N/C at every point on the cylindrical surface and is directed 

perpendicular to the surface. 


EXECUTE: ÑE -dA = EA 


=2.04x10". 


= E(27rL) = (840 N/C)(2z)(0.400 m)(0.0200 m) = 42.2 N-m’/C. 


cylinder 
The field is parallel to the end caps of the cylinder, so for them GE -dA =0. From Gauss’s law, 
q =6® , = (8.854 x 10°” C?/N-m’)(42.2 N-m’/C) =3.74 x10™ C. 

EVALUATE: We could have applied the result in Example 22.6 and solved for 4 . Then q = AL. 


IDENTIFY: Add the vector electric fields due to each line of charge. E(r) for a line of charge is given by 
Example 22.6 and is directed toward a negative line of chage and away from a positive line. 
SETUP: The two lines of charge are shown in Figure 22.21. 


y 


be 
2 A2 = —2.40 uC A 
{ 0.200 m 2 |m E 1 


S O, 
a 0.400 m 
0.200 m { 


A, = +4.80 uC|m 


“agr 


Figure 22.21 


EXECUTE: (a) At point a, E, and Ē, are in the +y-direction (toward negative charge, away from positive 
charge). 
E, =(1/27¢,)| (4.80x10% C/m)/(0.200 m) |= 4.314x10° N/C 


E, =(1/2ne,)| (2.4010 C/m)/(0.200 m) ] =2.157%10° N/C 
E=E,+£,=6.47x10° N/C, in the y-direction. 

(b) At point b, E, is inthe +y-direction and E, is in the — y-direction. 
E, =(1/27¢,)| (4.80x10* C/m)/(0.600 m) |= 1.438x10° N/C 

E, =(1/27¢,)| (2.4010 C/m)/(0.200 m) ]=2.157%10° N/C 


E = E, — E, =7.2x10* N/C, in the — y-direction. 

EVALUATION: At point a the two fields are in the same direction and the magnitudes add. At point b the two fields 
are in opposite directions and the magnitudes subtract. 

IDENTIFY: Apply the results of Examples 22.5, 22.6 and 22.7. 

SETUP: Gauss’s law can be used to show that the field outside a long conducting cylinder is the same as for a line 
of charge along the axis of the cylinder. 

EXECUTE: (a) For points outside a uniform spherical charge distribution, all the charge can be considered to be 
concentrated at the center of the sphere. The field outside the sphere is thus inversely proportional to the square of 
the distance from the center. In this case, 


0.200 cm 


E =(480 N/C 
( / en 


| =53 N/C 
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(b) For points outside a long cylindrically symmetrical charge distribution, the field is identical to that of a long line 

of charge: E = 5 A , that is, inversely proportional to the distance from the axis of the cylinder. In this case 

TEF 
E =(480 N/C)| Om | _160 NIC 
0.600 cm 

(c) The field of an infinite sheet of charge is E =o/2e,; i.e., it is independent of the distance from the sheet. Thus in 

this case E = 480 N/C. 

EVALUATE: For each of these three distributions of charge the electric field has a different dependence on distance. 
22.23. IDENTIFY: The electric field inside the conductor is zero, and all of its initial charge lies on its outer surface. The 

introduction of charge into the cavity induces charge onto the surface of the cavity, which induces an equal but 

opposite charge on the outer surface of the conductor. The net charge on the outer surface of the conductor is the 

sum of the positive charge initially there and the additional negative charge due to the introduction of the negative 

charge into the cavity. 

(a) SET Up: First find the initial positive charge on the outer surface of the conductor using q; =o A, where A is 

the area of its outer surface. Then find the net charge on the surface after the negative charge has been introduced 

into the cavity. Finally use the definition of surface charge density. 

EXECUTE: The original positive charge on the outer surface is 

q; = 0A =o(4ar?) =(6.37x10°% C/m*)472(0.250 m°) = 5.00x 10° C/m? 
After the introduction of —0.500 wC into the cavity, the outer charge is now 
5.00 uC -0.500 uC = 4.50 uC 
oe 4.50x10°° 3 
The surface charge density is now o = Toci z= mils ea =5.73x10° C/m? 
A 4zr° 47(0.250 m) 
(b) SET Up: Using Gauss’s law, the electric field is £ = a re 5 
A 6A 6,4ar 
EXECUTE: Substituting numbers gives 
-6 
E= SAM = =6.47x10° NIC. 
(8.85 x10“ C°/N-m*)(47)(0.250 m) 
(c) SETUP: We use Gauss’s law again to find the flux. ©, = 2 
& 
EXECUTE: Substituting numbers gives 
6 
peat UN es oso NIC 
8.85x 107° C/N -m 

EVALUATE: The excess charge on the conductor is still +5.00 wC, as it originally was. The introduction of the 

—0.500 uC inside the cavity merely induced equal but opposite charges (for a net of zero) on the surfaces of the 

conductor. 
22.24. IDENTIFY: We apply Gauss’s law, taking the Gaussian surface beyond the cavity but inside the solid. 


SETUP: Because of the symmetry of the charge, Gauss’s law gives us E = Frat , where A is the surface area of a 


© 


sphere of radius R = 9.50 cm centered on the point-charge, and qwa is the total charge contained within that sphere. 
This charge is the sum of the —2.00 uC point charge at the center of the cavity plus the charge within the solid 
between r = 6.50 cm and R = 9.50 cm. The charge within the solid is gsoiia = EV = A[4/3]2R* —[4/3]ar? y= 
([47-/3] AR - r°) 

EXECUTE: First find the charge within the solid between r = 6.50 cm and R = 9.50 cm: 


liia Zass x10% C/m°)[ (0.0950 m)’ — (0.0650 m) | =1.794x10° C, 


Now find the total charge within the Gaussian surface: 
fiorai = Asotia + Ipoin = 72-00 WC + 1.794 uC = —0.2059 uC 


Now find the magnitude of the electric field from Gauss’s law: 


-6 
p=+-_4 _- Ce = =2.05x10° N/C. 
eA 4rr? (8.85x10 C?/N-m?)(47)(0.0950m) 
The fact that the charge is negative means that the electric field points radially inward. 
EVALUATE: Because of the uniformity of the charge distribution, the charge beyond 9.50 cm does not contribute 


to the electric field. 
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22.25. 


22.26. 


22.27. 


22.28. 


IDENTIFY: The magnitude of the electric field is constant at any given distance from the center because the charge 
density is uniform inside the sphere. We can use Gauss’s law to relate the field to the charge causing it. 
(a) SETUP: Gauss’s law tells us that EA = 4 , and the charge density is given by p = 1- TE ; 
& V (4/3)aR 
EXECUTE: Solving for q and substituting numbers gives 


q = EAe, = E(4ar’)e, = (1750 N/C)(477)(0.500 m)?(8.85x 10° C?/N - m?) = 4.866 x10° C . Using the formula for 
-8 
charge density we get p = Tot -= LO EL + = 2.60107 C/m’. 
V (4/3)aR° (4/3)2(0.355m) 


(b) SETUP: Take a Gaussian surface of radius r = 0.200 m, concentric with the insulating sphere. The charge 


enclosed within this surface is qna = V = o( Sar’) , and we can treat this charge as a point-charge, using 


enci 


Coulomb’s law E = —— 55. 


me, r 
EXECUTE: First find the enclosed charge: 


The charge beyond r = 0.200 m makes no contribution to the electric field. 


daa = (Sar = (2.60 x107 cim’)| $2(0.200m) | =8.70x10°C 


Now treat this charge as a point-charge and use Coulomb’s law to find the field: 


-9 
BORE © =1.96x10° NIE 
(0.200 m) 


E =(9.00x10° N-m’/C’) 
EVALUATE: Outside this sphere, it behaves like a point-charge located at its center. Inside of it, at a distance r 
from the center, the field is due only to the charge between the center and r. 
IDENTIFY: Apply Gauss’s law and conservation of charge. 
SETUP: Use a Gaussian surface that lies wholly within he conducting material. 
EXECUTE: (a) Positive charge is attracted to the inner surface of the conductor by the charge in the cavity. Its 
magnitude is the same as the cavity charge: qae =+6.00 nC, since E =0 inside a conductor and a Gaussian 


surface that lies wholly within the conductor must enclose zero net charge. 
(b) On the outer surface the charge is a combination of the net charge on the conductor and the charge “left behind” 
when the +6.00 nC moved to the inner surface: 


fiot = inner + outer outer = diot inner = 5.00 nC E 6.00 nC = 1 .00 nC. 


EVALUATE: The electric field outside the conductor is due to the charge on its surface. 

IDENTIFY: Apply Gauss’s law to each surface. 

SETUP: The field is zero within the plates. By symmetry the field is perpendicular to the plates outside the plates 
and can depend only on the distance from the plates. Flux into the enclosed volume is positive. 

EXECUTE: S, and S, enclose no charge, so the flux is zero, and electric field outside the plates is zero. Between 
the plates, S, shows that -EA = -q/& =—0 A/e, and E =0/6. 

EVALUATE: Our result for the field between the plates agrees with the result stated in Example 22.8. 


IDENTIFY: Close to a finite sheet the field is the same as for an infinite sheet. Very far from a finite sheet the field 
is that of a point charge. 


. d : 1 
SET UP: For an infinite sheet, E = a . For a point charge, E = ae F 
€ Are, r 


0 
EXECUTE: (a) Ata distance of 0.1 mm from the center, the sheet appears “infinite,” so 


50x10° 
gee UE NIG, 
2&4 2¢,(0.800 m) 
(b) At a distance of 100 m from the center, the sheet looks like a point, so: 

1 q _ 1 (750x10? C) 
4r r? 4rę& (100m? 
(c) There would be no difference if the sheet was a conductor. The charge would automatically spread out evenly 
over both faces, giving it half the charge density on either face as the insulator but the same electric field. Far away, 
they both look like points with the same charge. 

EVALUATE: The sheet can be treated as infinite at points where the distance to the sheet is much less than the 


distance to the edge of the sheet. The sheet can be treated as a point charge at points for which the distance to the 
sheet is much greater than the dimensions of the sheet. 


Ew 


=6.75x10° N/C. 
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22.29. IDENTIFY: Apply Gauss’s law to a Gaussian surface and calculate E. 
(a) SET Up: Consider the charge on a length / of the cylinder. This can be expressed as q = Al. But since the 


surface area is 277R/ it can also be expressed as q = o027RI. These two expressions must be equal, so Al =o 27RI 


and A=27Ro. 
(b) Apply Gauss’s law to a Gaussian surface that is a cylinder of length /, radius r, and whose axis coincides with 
the axis of the charge distribution, as shown in Figure 22.29. 


EXECUTE: 
Onc: = (27R1) 


@, =2arlE 


Figure 22.29 


2nRl 
®,= Qe gives 2zrlE = ee) any) 
a 5 
es 
Qr 


(c) EVALUATE: Example 22.6 shows that the electric field of an infinite line of charge is E=A/276r. o= A 
T 


, the same as for an infinite line of charge that is along the axis of the cylinder. 


R R{ a 
so E-E- ( 


D Qr a 27€,r 
22.30. IDENTIFY: The net electric field is the vector sum of the fields due to each of the four sheets of charge. 
SETUP: The electric field of a large sheet of charge is E = o/2e, . The field is directed away from a positive sheet 
and toward a negative sheet. 


EXECUTE: (a) At A: E=% } [z| | led lof _ 1 
2e, 2&6 2 2e, 2e, 


(\o,|+|o3|+|o,|—-|o,) - 


E, == uC/m? +2 wC/m? +4 uC/m? -6 wC/m?) =2.82x10° N/C to the left. 
€& 


la. A A \c,| 1 
b) £,= } | _ , l , 
are 2e, 26 2, 2 26 ("i los] lo] —los) 
E, =5—(6 4C/m? +2 4C/m? +4 wC/m? -5 eC] m*) =3.95 x10 N/C to the lefi. 
€ 


la. lo] los|_ 1 


© E, =l 


26 26 26 26 ze (al +l lo,|-loi)- 


E; sz“ uC/m? +6 wC/m* -5 uC/m? -2 wC/m’) =1.69x10° N/C to the left 


EVALUATE: The field at C is not zero. The pieces of plastic are not conductors. 
22.31. IDENTIFY: Apply Gauss’s law and conservation of charge. 
SETUP: £=0 ina conducting material. 
EXECUTE: (a) Gauss’s law says +Q on inner surface, so E =0 inside metal. 
(b) The outside surface of the sphere is grounded, so no excess charge. 
(c) Consider a Gaussian sphere with the —O charge at its center and radius less than the inner radius of the metal. 
This sphere encloses net charge —Q so there is an electric field flux through it; there is electric field in the cavity. 
(d) In an electrostatic situation E =0 inside a conductor. A Gaussian sphere with the -Q charge at its center and 


radius greater than the outer radius of the metal encloses zero net charge (the -Q charge and the +Q on the inner 
surface of the metal) so there is no flux through it and E =0 outside the metal. 
(e) No, E =0 there. Yes, the charge has been shielded by the grounded conductor. There is nothing like positive 


and negative mass (the gravity force is always attractive), so this cannot be done for gravity. 
EVALUATE: Field lines within the cavity terminate on the charges induced on the inner surface. 
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22.32. 


22.33. 


22.34. 


IDENTIFY and SETUP: Eq.(22.3) to calculate the flux. Identify the direction of the normal unit vector n for each 
surface. 
EXECUTE: (a) E =—Bi+Cj-Dk; A= L 


©, = E- A= E -(An) =(—Bi + G - Dk) -(-Aj) = -CP 
®, = E-A=E -(An) =(—Bi + G — Dk) -(Ak) =-DL’. 
©, = E-A=E -(An) =(-Bi + Gj - Dk)-(4j) = +CL’. 

face S: fi=—k 

D, = E-A=E -(An) =(-Bi + CÌ- Dk)-(-Ak) =+DL’. 


= E-A=E (Añ) =(-Bi + CGj— Dk)-(Ai) =-BL. 


©, = E-A=E -(An) =(-Bi + G - Dk) -(-Ai) =+BL. 

(b) Add the flux through each of the six faces: ®, =-CL’ - DP + CP + DP -BP + BP =0 

The total electric flux through all sides is zero. 

EVALUATE: All electric field lines that enter one face of the cube leave through another face. No electric field 
lines terminate inside the cube and the net flux is zero. 

IDENTIFY: Use Eq.(22.3) to calculate the flux through each surface and use Gauss’s law to relate the net flux to 


the enclosed charge. 
SET Up: Flux into the enclosed volume is negative and flux out of the volume is positive. 


EXECUTE: (a) ® = EA =(125 N/C)(6.0 m°) = 750 N-m?/C. 
(b) Since the field is parallel to the surface, 0 =0. 
(c) Choose the Gaussian surface to equal the volume’s surface. Then 750 N-m7/C— E4=q/e, and 


E= 7 3 =(2.40x10* C/e, +750 N -m°/C) = 577 N/C, in the positive x-direction. Since g <0 we must have some 
Om 


net flux flowing in so the flux is -|E Al on second face. 

EVALUATE: (d) ¢ <0 but we have E pointing away from face I. This is due to an external field that does not 
affect the flux but affects the value of £. 

IDENTIFY: Apply Gauss’s law to a cube centered at the origin and with side length 2L. 

SETUP: The total surface area of a cube with side length 2Z is 6(2L)* =24P . 

EXECUTE: (a) The square is sketched in Figure 22.34. 

(b) Imagine a charge q at the center of a cube of edge length 2L. Then: ® = q/e,. Here the square is one 24th of the 
surface area of the imaginary cube, so it intercepts 1/24 of the flux. That is, ® = q/24e,. 


EVALUATE: Calculating the flux directly from Eq.(22.5) would involve a complicated integral. Using Gauss’s law 
and symmetry considerations is much simpler. 


Figure 22.34 
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22.35. (a) IDENTIFY: Find the net flux through the parallelepiped surface and then use that in Gauss’s law to find the net 
charge within. Flux out of the surface is positive and flux into the surface is negative. 
SETUP: E, gives flux out of the surface. See Figure 22.35a. 


EXECUTE: ®,=+£,,A4 

A = (0.0600 m)(0.0500 m) = 3.00107 m° 
E,, = E, cos 60° = (2.50 x10* N/C) cos 60° 
E, =1.25x«10* N/C 


Figure 22.35a 
P, =+E,,A=+(1.25x10* N/C)X(3.00x10° m°) =37.5 N-m?/C 
SETUP: Œ, gives flux into the surface. See Figure 22.35b. 
EXECUTE: ®,=—E,,A 
A = (0.0600 m)(0.0500 m) =3.00x 10° m° 
E, , = E, cos 60° = (7.00 x104 N/C) cos 60° 
E,, =3.50x10* N/C 


Figure 22.35b 


®,, =—E,, A =-(3.50x10* N/C)(3.00x10° m?) = -105.0 N -m?/C 
The net flux is ®, =®, +, =+37.5 N- m°/C -105.0 N: m?/C = -67.5 N-m’/C, 


The net flux is negative (inward), so the net charge enclosed is negative. 
Apply Gauss’s law: ©, = ener 
6 

Q.a = D e = (67.5 N -m?/C)(8.854x10 7? C?/N -m?) = —5.98x10™ C. 
(b) EVALUATE: If there were no charge within the parallelpiped the net flux would be zero. This is not the case, so 
there is charge inside. The electric field lines that pass out through the surface of the parallelpiped must terminate on 
charges, so there also must be charges outside the parallelpiped. 

22.36. IDENTIFY: The aq particle feels no force where the net electric field due to the two distributions of charge is zero. 
SETUP: The fields can cancel only in the regions A and B shown in Figure 22.36, because only in these two 
regions are the two fields in opposite directions. 


EXECUTE: Ene = Eyes: gives ae and r=)/20 = ee 5 
i 2rer 26 z(100 uC/m^) 

The fields cancel 16 cm from the line in regions A and B. 

EVALUATE: The result is independent of the distance between the line and the sheet. The electric field of an 

infinite sheet of charge is uniform, independent of the distance from the sheet. 


=0.16 m=16 cm. 


Line 


© ® 


EE bet 


++++++++ 


Figure 22.36 


22.37. (a) IDENTIFY: Apply Gauss’s law to a Gaussian cylinder of length / and radius r, where a<r <b, and calculate E 
on the surface of the cylinder. 
SETUP: The Gaussian surface is sketched in Figure 22.37a. 

EXECUTE: Ọ,=E(2arl) 

Qc =A (the charge on the 

length / of the inner conductor 


that is inside the Gaussian 
surface). 


Figure 22.37a 


Al 

D, = Qaa gives E(2zrl) =— 
6 6 
E- A 


z5 . The enclosed charge is positive so the direction of E is radially outward. 
TEF 
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22.38. 


(b) SETUP: Apply Gauss’s law to a Gaussian cylinder of length / and radius r, where r > c, as shown in 
Figure 22.37b. 


EXECUTE: ©®, = E(2z71) 
Qı = Al (the charge on the length / 


of the inner conductor that is inside 
the Gaussian surface; the outer 
conductor carries no net charge). 


Figure 22.37b 


0, = Perr gives E(2arl) = 
5 5 


E= 5 2 . The enclosed charge is positive so the direction of E is radially outward. 
Ter 
(c) E = 0 within a conductor. Thus £ = 0 for r < a; 
E= fora<r <b; E=0 forb<r<c; 
2mer 
E= 5 for r >c. The graph of E versus r is sketched in Figure 22.37c. 
TEF 


Afl2Teor 


Figure 22.37c 


EVALUATE: Inside either conductor E = 0. Between the conductors and outside both conductors the electric field 
is the same as for a line of charge with linear charge density A lying along the axis of the inner conductor. 

(d) IDENTIFY and SETUP: inner surface: Apply Gauss’s law to a Gaussian cylinder with radius r, where 
b<r<c. We know £ on this surface; calculate Qer 
EXECUTE: This surface lies within the conductor of the outer cylinder, where E =0, so®, =0. Thus by Gauss’s 
law Qı =0. The surface encloses charge A/ on the inner conductor, so it must enclose charge —A/ on the inner 


surface of the outer conductor. The charge per unit length on the inner surface of the outer cylinder is —/. 

outer surface: The outer cylinder carries no net charge. So if there is charge per unit length —4 on its inner surface 
there must be charge per until length +4 on the outer surface. 

EVALUATE: The electric field lines between the conductors originate on the surface charge on the outer surface of 
the inner conductor and terminate on the surface charges on the inner surface of the outer conductor. These surface 
charges are equal in magnitude (per unit length) and opposite in sign. The electric field lines outside the outer 
conductor originate from the surface charge on the outer surface of the outer conductor. 

IDENTIFY: Apply Gauss’s law. 

SETUP: Use a Gaussian surface that is a cylinder of radius r, length / and that has the line of charge along its axis. 
The charge on a length / of the line of charge or of the tube is q = al . 


; ; l 
EXECUTE: (a)(i) For r<a ,Gauss’s law gives E(2zrl) = Qore =% and E=. 
5 2mer 
(ii) The electric field is zero because these points are within the conducting material. 
i . 2al 
(iii) For r >b , Gauss’s law gives E(2zrl) = Qoi _ 2a and E =—— 
5 TEF 


The graph of E versus r is sketched in Figure 22.38. 
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22.39. 


on the inner surface is —a. 
surface, the charge per unit length on the outer surface must be +2a. 
EVALUATE: For r >b the electric field is due to the charge on the outer surface of the tube. 


(b) (i) The Gaussian cylinder with radius r, for a <r <b, must enclose zero net charge, so the charge per unit length 


(ii) Since the net charge per length for the tube is +æ and there is —a@ on the inner 


E 


a b 


Figure 22.38 
(a) IDENTIFY: Use Gauss’s law to calculate E(r). 
(i) SETUP: r<a: Apply Gauss’s law to a cylindrical Gaussian surface of length / and radius r, where r <a, as 
sketched in Figure 22.39a. 
EXECUTE: ©®, = E(2z71) 
Qaca = al (the charge on the length / 
of the line of charge) 


a 


Figure 22.39a 


®, = Qore gives E(2zrl) = z 
€ € 
E =—°_. The enclosed charge is positive so the direction of E is radially outward. 


j 2T 
(ii) a<r <b: Points in this region are within the conducting tube, so E = 0. 
(iii) SETUP: r>b: Apply Gauss’s law to a cylindrical Gaussian surface of length / and radius r, where r >b, as 


sketched in Figure 22.39b. 


EXECUTE: ©, = E(2zrl) 
Qaa = al (the charge on length / of the 


line of charge) -æl (the charge on 
length / of the tube) Thus Q.a =0. 


a 


Figure 22.39b 


®,= Qrret gives E(2zrl) =0 and E = 0. The graph of E versus r is sketched in Figure 22.39c. 


€ 
E 


afregr 


Figure 22.39c 


(b) IDENTIFY: Apply Gauss’s law to cylindrical surfaces that lie just outside the inner and outer surfaces of the 
tube. We know Æ so can calculate Q.: 


(i) SETUP: inner surface 
Apply Gauss’s law to a cylindrical Gaussian surface of length / and radius r, where a<r <b. 
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22.41. 


EXECUTE: This surface lies within the conductor of the tube, where E = 0, so ®, = 0. Then by Gauss’s law 

Qaa = 9. The surface encloses charge æl on the line of charge so must enclose charge —a@/ on the inner surface of 
the tube. The charge per unit length on the inner surface of the tube is —a. 

(ii) outer surface 

The net charge per unit length on the tube is —a@. We have shown in part (i) that this must all reside on the inner 
surface, so there is no net charge on the outer surface of the tube. 

EVALUATE: Forr < a the electric field is due only to the line of charge. For r > b the electric field of the tube is 
the same as for a line of charge along its axis. The fields of the line of charge and of the tube are equal in magnitude 
and opposite in direction and sum to zero. For r < a the electric field lines originate on the line of charge and 
terminate on the surface charge on the inner surface of the tube. There is no electric field outside the tube and no 
surface charge on the outer surface of the tube. 

IDENTIFY: Apply Gauss’s law. 

SETUP: Use a Gaussian surface that is a cylinder of radius r and length /, and that is coaxial with the cylindrical 
charge distributions. The volume of the Gaussian cylinder is zr7/ and the area of its curved surface is 2771 . The 


charge on a length / of the charge distribution is q = Al , where 1 = p2R’. 


2 
EXECUTE: (a) For r<R, Q,,,=p7r'l and Gauss’s law gives E(2zrl) = So = or and E = a , radially 
0 
outward. 
2 q _ pxR’l pR? x . 
(b) For r >R, Q,,,=A/ = paR'l and Gauss’s law gives E(2zrl) = a = 2 and E = Dee = Omer radially 


outward. 


(c) At r=R, the electric field for BOTH regions is E = om 


(d) The graph of E versus r is sketched in Figure 22.40. 
EVALUATE: For r >R the field is the same as for a line of charge along the axis of the cylinder. 


, so they are consistent. 


E 


J I r 
R 2R 


Figure 22.40 


IDENTIFY: First make a free-body diagram of the sphere. The electric force acts to the left on it since the electric 
field due to the sheet is horizontal. Since it hangs at rest, the sphere is in equilibrium so the forces on it add to zero, 
by Newton’s first law. Balance horizontal and vertical force components separately. 

SETUP: Call T the tension in the thread and E the electric field. Balancing horizontal forces gives T sin 0= gE. 
Balancing vertical forces we get T cos O= mg. Combining these equations gives tan 0= qE/mg, which means that 
0= arctan(qE/mg). The electric field for a sheet of charge is E = 026. 


o 2.50x107 C/m? 


= — =~ =1.41x10°N/C. Then 
2e,  2(8.85x107? C’/N-m’) 


EXECUTE: Substituting the numbers gives us £ = 


(5.00 x 10*C)(1.41x 10t N/C) 
(2.00x10° kg)(9.80m/s’) 


8 = arctan =19.8° 


EVALUATE: Increasing the field, or decreasing the mass of the sphere, would cause the sphere to hang at a larger 
angle. 
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22.42. IDENTIFY: Apply Gauss’s law. 
SET Up: Use a Gaussian surface that is a sphere of radius r and that is concentric with the conducting spheres. 
EXECUTE: (a) For r<a, E =0, since these points are within the conducting material. 
For a<r<b, E= WVA since there is +q inside a radius r. 
47, r 
For b <r <c, E = 0, since since these points are within the conducting material 
1 $ ; 3 
For r >c, E = < since again the total charge enclosed is +q. 
Are, r 
(b) The graph of E versus r is sketched in Figure 22.42a. 
(c) Since the Gaussian sphere of radius r, for b <r <c , must enclose zero net charge, the charge on inner shell 
surface is —q. 
(d) Since the hollow sphere has no net charge and has charge —q on its inner surface, the charge on outer shell 
surface is +q. 
(e) The field lines are sketched in Figure 22.42b. Where the field is nonzero, it is radially outward. 
EVALUATE: The net charge on the inner solid conducting sphere is on the surface of that sphere. The presence of 
the hollow sphere does not affect the electric field in the region r <b. 
E 
a b c 4 
(a) (b) 
Figure 22.42 
22.43. IDENTIFY: Apply Gauss’s law. 
SETUP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the charge distributions. 
EXECUTE: (a) For r<R,£=0, since these points are within the conducting material. For R<r<2R, 
; ; 1 20 . ; 
E= 2, since the charge enclosed is Q. For r>2R, E= at 20 since the charge enclosed is 20. 
Ane, r Ane, r 
(b) The graph of E versus r is sketched in Figure 22.43. 
EVALUATE: For r<2R the electric field is unaffected by the presence of the charged shell. 
E 
L r 
R 2R 
Figure 22.43 
22.44. IDENTIFY: Apply Gauss’s law and conservation of charge. 


SET Up: Use a Gaussian surface that is a sphere of radius r and that has the point charge at its center. 


1 z ; . : 
EXECUTE: (a)Forr<a, E= Ter radially outward, since the charge enclosed is Q, the charge of the point 
Tr 
charge. For a<r <b, E=0 since these points are within the conducting material. For r >b, E = ae ; 
r 


radially inward, since the total enclosed charge is —2Q. 
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(b) Since a Gaussian surface with radius r, for a <r <b, must enclose zero net charge, the total charge on the inner 


Q 
7 
TA 


(c) Since the net charge on the shell is -3Q and there is —Q on the inner surface, there must be —2Q on the outer 
20 

4rb? 

(d) The field lines and the locations of the charges are sketched in Figure 22.44a. 

(e) The graph of E versus r is sketched in Figure 22.44b. 


surface is —Q and the surface charge density on inner surface is ø =— 


surface. The surface charge density on the outer surface is o =— 


—Q spread on 
inner surface 
—2Q spread on outer = r 
surface a b 
(a) (b) 


Figure 22.44 
EVALUATE: For r <a the electric field is due solely to the point charge Q. For r >b the electric field is due to 
the charge —2Q that is on the outer surface of the shell. 


22.45. IDENTIFY: Apply Gauss’s law to a spherical Gaussian surface with radius r. Calculate the electric field at the 
surface of the Gaussian sphere. 
(a) SETUP: (i) r<a: The Gaussian surface is sketched in Figure 22.45a. 


EXECUTE: ©, =EA=E(4zr’) 
Q.a = 9; no charge is enclosed 


D, — Qaes says E(4zr°)=0 and E =0. 
& 


Figure 22.45a 


(ii) a<r <b: Points in this region are in the conductor of the small shell, so E = 0. 
(iii) SETUP: b<r<c: The Gaussian surface is sketched in Figure 22.45b. 
Apply Gauss’s law to a spherical Gaussian surface with radius b<r<c. 


EXECUTE: ©®,=EA=E(4zr’) 
The Gaussian surface encloses all of the small 
shell and none of the large shell, so Qpa =+2q. 


encl 


Figure 22.45b 
f 2 2 : ; a : ; ; 
,= eet gives E(4zr’) = T 59 = z- Since the enclosed charge is positive the electric field is radially 
& & 4rer 
outward. 


(iv) c<r<d: Points in this region are in the conductor of the large shell, so E =0. 
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22.46. 


(v) SETUP: r>d: Apply Gauss’s law to a spherical Gaussian surface with radius r > d, as shown in Figure 22.45c. 


EXECUTE: ©®,=EA= E(4zr’) 
The Gaussian surface encloses all of the small shell 


and all of the large shell, so Q „a =+2q +4q = 6q. 


encl 


Figure 22.45c 


6q 
5 


E 


p, = Qon gives E(4zr’) = 
& 


E= . Since the enclosed charge is positive the electric field is radially outward. 


Aner 
The graph of E versus r is sketched in Figure 22.45d. 
E 


6q/47regd2 + 


2q/47r€ yb? T 


a b c d 


Figure 22.45d 


(b) IDENTIFY and SETUP: Apply Gauss’s law to a sphere that lies outside the surface of the shell for which we 
want to find the surface charge. 

EXECUTE: (i) charge on inner surface of the small shell: Apply Gauss’s law to a spherical Gaussian surface with 
radius a <r <b. This surface lies within the conductor of the small shell, where E = 0, so ©, =0. Thus by Gauss’s 


law O 


encl 


(ii) charge on outer surface of the small shell: The total charge on the small shell is +2g. We found in part (i) that 


=0, so there is zero charge on the inner surface of the small shell. 


there is zero charge on the inner surface of the shell, so all +2g must reside on the outer surface. 

(iii) charge on inner surface of large shell: Apply Gauss’s law to a spherical Gaussian surface with radius c <r <d. 
The surface lies within the conductor of the large shell, where E = 0, so ©, =0. Thus by Gauss’s law Q a =0. The 
surface encloses the +2q on the small shell so there must be charge —2q on the inner surface of the large shell to 
make the total enclosed charge zero. 

(iv) charge on outer surface of large shell: The total charge on the large shell is +4g. We showed in part (iii) that 
the charge on the inner surface is —2q, so there must be +6q on the outer surface. 

EVALUATE: The electric field lines for b <r <c originate from the surface charge on the outer surface of the 
inner shell and all terminate on the surface charge on the inner surface of the outer shell. These surface charges have 
equal magnitude and opposite sign. The electric field lines for r >d originate from the surface charge on the outer 
surface of the outer sphere. 

IDENTIFY: Apply Gauss’s law. 

SETUP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the charged shells. 
EXECUTE: (a) (i) For r<a,£=0, since the charge enclosed is zero. (ii) For a<r<b,E =0, since the points 


oe : ; ni 1.2: ; ; 
are within the conducting material. (iii) For b <r <c,E = ee outward, since charge enclosed is +2q. 
me, 1 


(iv) For c<r<d,E=0, since the points are within the conducting material. (v) For r >d, E =0, since the net 
charge enclosed is zero. The graph of E versus r is sketched in Figure 22.46. 
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22.48. 


(b) (i) small shell inner surface: Since a Gaussian surface with radius r, for a <r <b, must enclose zero net 
charge, the charge on this surface is zero. (ii) small shell outer surface: +2g. (iii) large shell inner surface: Since 
a Gaussian surface with radius r, for c <r <d , must enclose zero net charge, the charge on this surface is —2¢ . 

(iv) large shell outer surface: Since there is —2q on the inner surface and the total charge on this conductor is —2q , 


the charge on this surface is zero. 
EVALUATE: The outer shell has no effect on the electric field for r <c . For r >d the electric field is due only to 
the charge on the outer surface of the larger shell. 

E 


fi fi ” 
a b č a 


Figure 22.46 


IDENTIFY: Apply Gauss’s law 
SETUP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the charged shells. 
EXECUTE: (a) (i) Forr<a,£=0, since charge enclosed is zero. (ii) a<r <b, E =0, since the points are 


within the conducting material. (iii) Forb<r<c,E= get outward, since charge enclosed is +2q. 
r 
(iv) Forc<r<d,E =0, since the points are within the conducting material. (v) For r >d, E = we inward, 
r 


since charge enclosed is —2q. The graph of the radial component of the electric field versus r is sketched in 
Figure 22.47, where we use the convention that outward field is positive and inward field is negative. 
(b) (i) small shell inner surface: Since a Gaussian surface with radius r, for a < r < b, must enclose zero net 
charge, the charge on this surface is zero. (ii) small shell outer surface: +2g. (iii) large shell inner surface: Since 
a Gaussian surface with radius r, for c < r < d, must enclose zero net charge, the charge on this surface is —2q. 
(iv) large shell outer surface: Since there is —2q on the inner surface and the total charge on this conductor is -4q, 
the charge on this surface is —2q. 
EVALUATE: The outer shell has no effect on the electric field for r <c . For r > d the electric field is due only to 
the charge on the outer surface of the larger shell. 

E 


Figure 22.47 


IDENTIFY: Apply Gauss’s law. 
SETUP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the sphere and shell. The 


: 4 2 
volume of the insulating shell is V = 3 z([2RF R°) = = R. 
3 
EXECUTE: (a) Zero net charge requires that —Q = Snp ,SO p= 30 mi 
3 28aR 


(b) For r<R, E =0 since this region is within the conducting sphere. For r >2R, E =0, since the net charge enclosed 


; 4 
by the Gaussian surface with this radius is zero. For R <r <2R, Gauss’s law gives E(4ar’) = 2, ae — R°) and 
& & 


Q 2 Q Qr 


_ joni a 
Tre r? 287€,R°” 


5 The net enclosed charge for 
4rar 3er 


r° — R?) . Substitutin from part (a) gives E = 
g Pp p g 


2 


each r in this range is positive and the electric field is outward. 
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(c) The graph is sketched in Figure 22.48. We see a discontinuity in going from the conducting sphere to the 
insulator due to the thin surface charge of the conducting sphere. But we see a smooth transition from the uniform 
insulator to the surrounding space. 

EVALUATE: The expression for E within the insulator gives E =O at r=2R. 


70|(287€yR2) 


R 2R 
Figure 22.48 
22.49. IDENTIFY: Use Gauss’s law to find the electric field E produced by the shell for r < R andr >R and then use 


F =gE to find the force the shell exerts on the point charge. 
(a) SET Up: Apply Gauss’s law to a spherical Gaussian surface that has radius r > R and that is concentric with 
the shell, as sketched in Figure 22.49a. 


i EXECUTE: Ọ,= E(4zr’) 


$ Qvnct = -Q 


pna - 


Figure 22.49a 


p, = Dene gives E(4zr’) z£ 
5 


The magnitude of the field is £ = Q z and it is directed toward the center of the shell. Then F = gE = qQ 5 
Arner Arner 


> 


directed toward the center of the shell. (Since q is positive, E and F are in the same direction.) 
(b) SET Up: Apply Gauss’s law to a spherical Gaussian surface that has radius r < R and that is concentric with 
the shell, as sketched in Figure 22.49b. 


EXECUTE: ©, = E(4zr’) 
Qnal = 0 


Figure 22.49b 


D, — Qos gives E(4zr’) =0 
5 


Then E =0 so F =0. 
EVALUATE: Outside the shell the electric field and the force it exerts is the same as for a point charge —Q located 
at the center of the shell. Inside the shell Æ =0 and there is no force. 

22.50. IDENTIFY: The method of Example 22.9 shows that the electric field outside the sphere is the same as for a point 
charge of the same charge located at the center of the sphere. 
SET Up: The charge of an electron has magnitude e=1.60x10°"C. 
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22.52. 


22.53. 


la| Er? _ (1150 N/C)(0.150 m)? 


=2.88x10° C. 


EXECUTE: (a) E=k'. For r=R=0.150m, E=1150 N/Cso |q|= 


r k  8.99x10 N-m?/C? 
-9 
The number of excess electrons is ZRN S =1.80x10" electrons . 
1.60 x10” C/electron 
eea 
(b) r=R+0.100 m=0.250m. E= pl =(8.99x10° Wanay eu e =414 N/C. 
r (0.250 m) 


EVALUATE: The magnitude of the electric field decreases according to the square of the distance from the center 
of the sphere. 

IDENTIFY: The net electric field is the vector sum of the fields due to the sheet of charge on each surface of the 
plate. 


SETUP: The electric field due to the sheet of charge on each surface is E = o/26 and is directed away from the 
surface. 

EXECUTE: (a) For the conductor the charge sheet on each surface produces fields of magnitude o/2e, and in the 
same direction, so the total field is twice this, or o/e, . 

(b) At points inside the plate the fields of the sheets of charge on each surface are equal in magnitude and opposite 
in direction, so their vector sum is zero. At points outside the plate, on either side, the fields of the two sheets of 
charge are in the same direction so their magnitudes add, giving E=o/e,. 

EVALUATE: Gauss’s law can also be used directly to determine the fields in these regions. 

IDENTIFY: Example 22.9 gives the expression for the electric field both inside and outside a uniformly charged 
sphere. Use F = —eE to calculate the force on the electron. 

SETUP: The sphere has charge O=+e. 

EXECUTE: (a) Only at r=0is E =0 for the uniformly charged sphere. 


near ee . 1 æ . i 
(b) At points inside the sphere, £, = SUR . The field is radially outward. F. = —eE = eee . The minus sign 
Are R Are, R 


denotes that F. is radially inward. For simple harmonic motion, F. = —kr =—mo*r , where @=Vk/m =27f . 


1 2 2 1 1 2 
F, = mor = ae so @= hlk and f=— a : 
4re R Aire, mR 2r \ 4re mR 
te 


-19 2 
jit feasrao nee tS pepe) Pe ONO E i: 
Ane, 4r’ (9.11x10°" kg)(4.57 x10" Hz) 


27 \ 4r, mR? 
The atom radius in this model is the correct order of magnitude. 
2 


The electron would still oscillate because the force is directed toward 


7° 


(d) If r>R, E, =— and F, =- 
A4rer Aner 


the equilibrium position at r =0. But the motion would not be simple harmonic, since F, is proportional to 1/7? and 
simple harmonic motion requires that the restoring force be proportional to the displacement from equilibrium. 
EVALUATE: As long as the initial displacement is less than R the frequency of the motion is independent of the 
initial displacement. 

IDENTIFY: There is a force on each electron due to the other electron and a force due to the sphere of charge. Use 
Coulomb’s law for the force between the electrons. Example 22.9 gives E inside a uniform sphere and Eq.(21.3) 
gives the force. 

SETUP: The positions of the electrons are sketched in Figure 22.53a. 


+2e 
If the electrons are in 


equilibrium the net force on 
each one is zero. 


Figure 22.53a 
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22.54. 


22.55. 


EXECUTE: Consider the forces on electron 2. There is a repulsive force F due to the other electron, electron 1. 
lie? 


Fi ne DJE 
T (2d) 


The electric field inside the uniform distribution of positive charge is E = i Qr (Example 22.9), where Q = +2e. 


me,R° 
_ e(2e)d 


At the position of electron 2, r = d. The force F; exerted by the positive charge distribution is F\, =eE = ree 
TE 


and is attractive. 
The force diagram for electron 2 is given in Figure 22.53b. 


Figure 22.53b 
2 2 
Net force equals zero implies F, = F4 and De z= a a 
4ne,4d° 47e,R 
Thus (1/4d*) = 2d/R’, so d° = R*/8 and d = R/2. 


EVALUATE: The electric field of the sphere is radially outward; it is zero at the center of the sphere and increases 
with distance from the center. The force this field exerts on one of the electrons is radially inward and increases as 
the electron is farther from the center. The force from the other electron is radially outward, is infinite when d = 0 
and decreases as d increases. It is reasonable therefore for there to be a value of d for which these forces balance. 
IDENTIFY: Use Gauss’s law to find the electric field both inside and outside the slab. 

SETUP: Use a Gaussian surface that has one face of area A in the yz plane at x =0, and the other face at a 


general value x. The volume enclosed by such a Gaussian surface is Ax. 

EXECUTE: (a) The electric field of the slab must be zero by symmetry. There is no preferred direction in the yz 
plane, so the electric field can only point in the x-direction. But at the origin, neither the positive nor negative 
x-directions should be singled out as special, and so the field must be zero. 


(b) For |x| <d , Gauss’s law gives EA = Qaa _ pals and E= plx] 
& 


E 


š i r 3 X 4 
, with direction given by —i (away from the 
0 € x 


0 |x| 
center of the slab). Note that this expression does give E=0 at x=0. Outside the slab, the enclosed charge does 


Qyrct = pAd and E _ pa 
& & 


not depend on x and is equal to pAd . For |x| >d , Gauss’s law gives EA = , again with 


$ r y xX > 
direction given by ae 
x 


EVALUATE: At the surfaces of the slab, x = +d . For these values of x the two expressions for E (for inside and 
outside the slab) give the same result. The charge per unit area o of the slab is given by oA = pA(2d) and 
pd =o/2. The result for E outside the slab can therefore be written as E = o/26 and is the same as for a thin sheet 


of charge. 
(a) IDENTIFY and SET Up: Consider the direction of the field for x slightly greater than and slightly less than zero. 
The slab is sketched in Figure 22.55a. 


x 


p(x)=p,(x/d) 


Figure 22.55a 


EXECUTE: The charge distribution is symmetric about x = 0, so by symmetry E(x) =E(-x). But for x > 0 the 
field is in the +x direction and for x < 0 the field is in the —x direction. At x = 0 the field can’t be both in the 

+x and —x directions so must be zero. That is, E,(x)=—E,(—x). At point x=0 this gives E,(0)=—E,(0) and 
this equation is satisfied only for E, (0) =0. 
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(b) IDENTIFY and SET Up: |x| >d (outside the slab) 


Apply Gauss’s law to a cylindrical Gaussian surface whose axis is perpendicular to the slab and whose end caps 
have area A and are the same distance |x >d from x = 0, as shown in Figure 22.55b. 


EXECUTE: @®,=2EA 


To find Q, consider a thin disk at 


coordinate x and with thickness dx, as 
shown in Figure 22.55c. The charge 
within this disk is 

dq = pdV = pAdx = (p,4ld?)xdx. 


Figure 22.55c 
The total charge enclosed by the Gaussian cylinder is 


Ona = 2 dq =(2p,4/d?) [xd =(2p,4/d?)(d?/3) =2p,Ad. 


Qos gives 2EA =2,Ad /36,. 
€ 


0 


Then ®, = 


E = pid 136, 


E is directed away from x=0, so E = (pyd/3«, )(x/|x]) i. 


IDENTIFY and SET Up: |x|<d (inside the slab) 


Apply Gauss’s law to a cylindrical Gaussian surface whose axis is perpendicular to the slab and whose end caps 
have area A and are the same distance |x| <d from x =0, as shown in Figure 22.55d. 


EXECUTE: @®,=2EA 


Figure 22.55d 


Q.a 18 found as above, but now the integral on dx is only from 0 to x instead of 0 to d. 
encl 
mY ae e a Nee Pee 2\( 3 
Qa =2| dq =(2p,A/d Jf, xdx =(2p,4/d?)(x3/3). 


Then ®, = Qe gives 2EA =2p,Ax° /3¢,d’. 
& 
E = py x’ /3€,d? 
E is directed away from x =0, so E = (px /3«,d°)i. 
EVALUATE: Note that £ =0 at x = 0 as stated in part (a). Note also that the expressions for |x >d and |x| <d 
agree for x=d. 


22.56. IDENTIFY: Apply F =@E to relate the force on q to the electric field at the location of q. 
SET Up: Flux is negative if the electric field is directed into the enclosed volume. 
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22.57. 


EXECUTE: (a) We could place two charges +Q on either side of the charge +q , as shown in Figure 22.56. 

(b) In order for the charge to be stable, the electric field in a neighborhood around it must always point back to the 
equilibrium position. 

(c) If q is moved to infinity and we require there to be an electric field always pointing in to the region where q 
had been, we could draw a small Gaussian surface there. We would find that we need a negative flux into the 
surface. That is, there has to be a negative charge in that region. However, there is none, and so we cannot get such a 
stable equilibrium. 

(d) For a negative charge to be in stable equilibrium, we need the electric field to always point away from the charge 
position. The argument in (c) carries through again, this time implying that a positive charge must be in the space 
where the negative charge was if stable equilibrium is to be attained. 

EVALUATE: If q is displaced to the left or right in Figure 22.56, the net force is directed back toward the 
equilibrium position. But if q is displaced slightly in a direction perpendicular to the line connecting the two charges 
Q, then the net force on q is directed away from the equilibrium position and the equilibrium is not stable for such a 
displacement. 


Q 4 Q 
Figure 22.56 

p(r)=p(1-r/R) forr < R where p, =30/2R*. p(r)=0 forr >R 
(a) IDENTIFY: The charge density varies with r inside the spherical volume. Divide the volume up into thin 
concentric shells, of radius r and thickness dr. Find the charge dq in each shell and integrate to find the total charge. 
SET Up: The thin shell is sketched in Figure 22.57a. 

EXECUTE: The volume of such 

a shell is dV =4ar’dr 

The charge contained within the 

shell is 


dq = p(r)dV =4ar’p,(1-r/R)dr 


Figure 22.57a 


The total charge Q in the charge distribution is obtained by integrating dq over all such shells into which the sphere 
can be subdivided: 


Q= faq =| 4ar°p, (l-r/R)dr = Amp, f(r? -r°/R)dr 


3 4 


R 
r r R? R* 
=47p,| —-—| =47p,| —-— |=4ap,(R?/12)=42(30/7R? )( R?/12) =O, as was to be shown. 
Q aE =| (5 E p(R°/12) = 42(30/2R*)(R*/12) =O 


(b) IDENTIFY: Apply Gauss’s law to a spherical surface of radius r, where r > R. 
SET Up: The Gaussian surface is shown in Figure 22.57b. 


z ` 
/ i EXECUTE: Ọ,= Qe 


S = (4a) =© 


Figure 22.57b 


E 


= z; same as for point charge of charge Q. 
47e,r 
(c) IDENTIFY: Apply Gauss’s law to a spherical surface of radius r, where r < R: 


SET Up: The Gaussian surface is shown in Figure 22.57c. 


EXECUTE: ©®,= Qt 


(60) = E(4zr’) 


E 


Figure 22.57c 
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22.58. 


The calculate the enclosed charge Q use the same technique as in part (a), except integrate dq out to r rather than 


enc! 


R. (We want the charge that is inside radius r.) 


i T r 1 z 1 r? 1 
Q ncl =Í Arr a(i- ar =47p, f; G T r 
r3 r^ r r? r+ 1 r 
=4z0,| —- =4zp,| —-— |= 4,r°| —-—— 
Orne a| 3 =| af 3 z) Pol £ z) 
30 Pi r r? r 
= so Q „a =12 = 4-3— |. 
PT ee g oz: Z) aE R 


3: 
Thus Gauss’s law gives E(4zr’) = eae - 35) 


(d) The graph of E versus r is sketched in Figure 22.57d. 


Q 
37r€gR? 


Q 
ATER? 


2R|33 R 2R 
Figure 22.57d 


2 
(e) Where the electric field is a maximum, ae =0. Thus Har *) =0 so 4-6r/R=0 andr =2R/3. 


dr dr 
At this value ofr, E = Q {Z at) Q : 
A4re,R \ 3 R 3 376,R 


EVALUATE: Our expressions for E(r) for r<R and for r>R agree at r= R. The results of part (e) for the 
value of r where £ (r) is a maximum agrees with the graph in part (d). 


IDENTIFY: Apply Gauss’s law. 
SETUP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the spherical distribution of 


charge. The volume of a thin spherical shell of radius r and thickness dr is dV =4zr7dr . 
œ R R R 
4r 4 
EXECUTE: (a) Q= | p(r)dV =4r| p(r)r’dr = 4r 1-— [rdr =47 r’°dr —-— | r°dr 
(a) =f) [po AN z) aÍ F 


3 4 
O=47p, E - aa =0. The total charge is zero. 


(b) For rR, $ E -då -Sm =0,s0 E=0. 


© 


3. ke 4r pr Hie ss its, 
(c) For r<R, $E -dA= Gover =| p(r')r? dr’. E4nr? se | r? dr! -—| rar | and 
© °° @ L° 3R°° 


pufot oe a Pg | 4 
6r|3 3R| 36 R 


(d) The graph of E versus r is sketched in Figure 22.58. 


(e) Where £ is a maximum, GE 6 . This gives Po _ Porm _ 9 and Fax LR _ At this r, E = 2 2 1 L= AR : 
dr 3e, 36K 2 36 2 2] 126 
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EVALUATE: The result in part (b) for r < R gives E =0 at r=R;; the field is continuous at the surface of the 
charge distribution. 
E 
poR/l 2eo 
1 S 
R R 
Figure 22.58 
22.59. IDENTIFY: Follow the steps specified in the problem. 
SETUP: In spherical polar coordinates dA = r°sin dO dø °. sind d0 db=4rz. 
I 55 *sind dO d 
EXECUTE: (a) ®, =$§-dA= Gm $- S 3 9 = —4nGm. 
7 
(b) For any closed surface, mass OUTSIDE the surface contributes zero to the flux passing through the surface. 
Thus the formula above holds for any situation where m is the mass enclosed by the Gaussian surface. 
That is, P, = 9 -dA =-41GM.,,.. 
EVALUATE: The minus sign in the expression for the flux signifies that the flux is directed inward. 
22.60. IDENTIFY: Apply $g -dÅ = —4nGM „a - 
SETUP: Use a Gaussian surface that is a sphere of radius r, concentric with the mass distribution. Let ®, denote 
$g-dA 
EXECUTE: (a) Use a Gaussian sphere with radius r > R , where R is the radius of the mass distribution. g is 
constant on this surface and the flux is inward. The enclosed mass is M. Therefore, oO, = —g4nr’ =—47GM and 
g= ad , which is the same as for a point mass. 
z 
(b) For a Gaussian sphere of radius r < R , where R is the radius of the shell, Mı = 0, so g =0. 
; ; ; ; 4 
(c) Use a Gaussian sphere of radius r < R , where R is the radius of the planet. Then M pı = oar ) =Mr I/R. 
3 
iad ‘Mi gona ee : 
This gives ®, = —g4nr* = —4rGM „a =—41G (u z) and g= a , which is linear in r. 
EVALUATE: The spherically synmetric distribution of mass results in an acceleration due to gravity g that is 
radical and that depends only on r, the distance from the center of the mass distribution. 
22.61. (a) IDENTIFY: Use E (F ) from Example (22.9) (inside the sphere) and relate the position vector of a point inside 


the sphere measured from the origin to that measured from the center of the sphere. 
SETUP: Foran insulating sphere of uniform charge density p and centered at the origin, the electric field inside 


the sphere is given by E = Qr'/4re,R? (Example 22.9), where 7’ is the vector from the center of the sphere to the 
point where £ is calculated. 
But p =30/4zR’ so this may be written as E = pr/3e,. And E is radially outward, in the direction of 


Fr’, soE = pF’ /3e,. 
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22.62. 


For a sphere whose center is located by vector b, a point inside the sphere and located by F is located by the vector 


r’ =F —b relative to the center of the sphere, as shown in Figure 22.61. 


EXECUTE: Thus E _ pF -b) 
f a 


Figure 22.61 


EVALUATE: When b =Q this reduces to the result of Example 22.9. When F =b, this gives E =0, which is 
correct since we know that E£ =0 at the center of the sphere. 

(b) IDENTIFY: The charge distribution can be represented as a uniform sphere with charge density p and centered 
at the origin added to a uniform sphere with charge density —p and centered at F = b. 

SETUP: E=E,,,,+E 


E oe 18 the field of a sphere located at the hole and with charge density —p. (Within the spherical hole the net 


where E is the field of a uniformly charged sphere with charge density p and 


uniform hole? uniform 


charge density is +p—p=0.) 


-= r ae 
EXECUTE: E = oe where r is a vector from the center of the sphere. 


uniform 
& 


-p(F -5) 


, at points inside the hole. 
36 


hole = 


EVALUATE: Æ is independent of F so is uniform inside the hole. The direction of E inside the hole is in the 
direction of the vector b, the direction from the center of the insulating sphere to the center of the hole. 


IDENTIFY: We first find the field of a cylinder off-axis, then the electric field in a hole in a cylinder is the 
difference between two electric fields: that of a solid cylinder on-axis, and one off-axis, at the location of the hole. 
SETUP: Let F locate a point within the hole, relative to the axis of the cylinder and let r’ locate this point relative 


to the axis of the hole. Let b locate the axis of the hole relative to the axis of the cylinder. As shown in Figure 22.62, 


7’ =7 —b . Problem 23.48 shows that at points within a long insulating cylinder, E = s : 
& 
P ee a F p@-b) pb 
EXECUTE: E sitaxis = pr = pr 2 $ E iole 7 E syiinder T B oftaxis = A i pi ) = P $ 
© 26 26 2 25 25 


Note that E is uniform. 
EVALUATE: Ifthe hole is coaxial with the cylinder, b=Oand £, 


hole 


=0. 


Figure 22.62 
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22.63. IDENTIFY: The electric field at each point is the vector sum of the fields of the two charge distributions. 


SET Up: Inside a sphere of uniform positive charge, E = 7 


€ 
p= Q z= 30 z Sok= Qr z» directed away from the center of the sphere. Outside a sphere of uniform 
zR? 4rR 4ng&R 

positive charge, E = on directed away from the center of the sphere. 

Tr 
EXECUTE: (a) x=0. This point is inside sphere | and outside sphere 2. The fields are shown in 
Figure 22.63a. 

JE 
E, E= Qr 7 =0, since r =0. 
< B 47e,R 


Figure 22.63a 


E,= z with r =2R so E, = ze in the —x-direction. 
47e,r 167e,R 
Thus £=£,4+#,-—2 7. 
167e,R 


(b) x = R/2. This point is inside sphere 1 and outside sphere 2. Each field is directed away from the center of the 
sphere that produces it. The fields are shown in Figure 22.63b. 


: erie with r = R/2 so 
Are,R 
_ 2 
"8 76,R? 
Figure 22.63b 
E, = Q z With r =3R/2 so E, ae 
4rer 97e,R 
E=E,-E,= z» inthe + x-direction and E= 2 i 
727€,R 727€,R 
(c) x = R. This point is at the surface of each sphere. The fields have equal magnitudes and opposite directions, so 
E=0. 


(d) x = 3R. This point is outside both spheres. Each field is directed away from the center of the sphere that produces 
it. The fields are shown in Figure 22.63c. 


y Q 
E = z With r =3R so 
E 4rer 
| = . E = g 
E, 36mg R? 
Figure 22.63c 
E, = - with r = R so E, = 2 
A4rer 4reR 
E=E,+£,= 5Q z» inthe +x-direction and E =o; 
18ze,R 18ze,R 


EVALUATE: The field of each sphere is radially outward from the center of the sphere. We must use the correct 
expression for E(r) for each sphere, depending on whether the field point is inside or outside that sphere. 

22.64. IDENTIFY: The net electric field at any point is the vector sum of the fields at each sphere. 
SET Up: Example 22.9 gives the electric field inside and outside a uniformly charged sphere. For the positively 
charged sphere the field is radially outward and for the negatively charged sphere the electric field is radially 
inward. 
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EXECUTE: (a) At this point the field of the left-hand sphere is zero and the field of the right-hand sphere is toward 
the center of that sphere, in the +x-direction. This point is outside the right-hand sphere, a distance r = 2R from its 


peg lio 


center. E = + 5 
4re 4R 


(b) This point is inside the left-hand sphere, at r = R/2 , and is outside the right-hand sphere, at r =3R/2 . Both 
fields are in the +x-direction. 


g- |QR/2, @ fo È li 1 170; 
4ne,| R  (GR/2F Ame, 2R? 9R? Ame, 118R? ` 


(c) This point is outside both spheres, at a distance r = R from their centers. Both fields are in the +x-direction. 
g-1|2,2)7-_2 7, 
4nze,| R R 2me,R 
(d) This point is outside both spheres, a distance r = 3R from the center of the left-hand sphere and a distance 
r = R from the center of the right-hand sphere. The field of the left-hand sphere is in the +x-direction and the field 


o O|);,1[@ OQ). -1 80; 
Ame,| GRY R? 4r 9R? R? Ae, 9R? 
EVALUATE: At all points on the x-axis the net field is parallel to the x-axis. 
22.65. IDENTIFY: Let —dQ be the electron charge contained within a spherical shell of radius r'and thickness dr'. 


of the right-hand sphere is in the —x-direction. E = 


Integrate r’ from 0 to r to find the electron charge within a sphere of radius r. Apply Gauss’s law to a sphere of 
radius r to find the electric field E(r) . 


SETUP: The volume of the spherical shell is dV = 47r” dr’. 


EXECUTE: (a) O(r) =O -Í pdV =Q- gaz fe” “rdr =0- A a dr’. 
ay 


> 
Ta; 


O(r)=Q Age" (2e” -ar —2ar —2) = Oe?" [2(r/a,) + 2(r/a,) +1]. 
a 


0 


Note ifr >, Q(r) > 0; the total net charge of the atom is zero. 


Q 


(b) The electric field is radially outward. Gauss’s law gives E(4zr’) = Or) and 


© 


Kee (¢r Jas)? + 2(r/ay) +1). 
7 


(c) The graph of E versus r is sketched in Figure 22.65. What is plotted is the scaled £, equal to E/E 


pt charge ? 
kQ 
scaled r, equal to r/dy. Epi cage = Pa 


E = 
Versus 


is the field of a point charge. 


EVALUATE: As r — 0, the field approaches that of the positive point charge (the proton). For increasing r the 


electric field falls to zero more rapidly than the 1/7° dependence for a point charge. 
Scaled E 


1.00 
0.80 
0.60 
0.40 


0.20 


0.00 
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 


Figure 22.65 
22.66. IDENTIFY: The charge in a spherical shell of radius r and thickness dr is dO = p(r)4ar’ dr . Apply Gauss’s law. 


Scaled r 


SETUP: Use a Gaussian surface that is a sphere of radius r. Let Q, be the charge in the region r < R/2 and let 
Q, be the charge in the region where R/2<r<R. 
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é An(R/2)° aR? 
EXECUTE: (a) The total charge is O=Q0,+Q,, where Q, =a as = Er and 
3 p3 4 p4 3 3 8 
Q, = 4n(2a) ji (op E A /8) _ (R -R*/16) | _ Lazk’ tene =o aipe 2 ; 
RIZ 3 4R 24 24 5aR 
: ; > a4nr’ ar 8Qr 
(b) For r < R/2 , Gauss’s law gives E4ar* = and E =— = -For R/2<r<R, 
36 3e, l5reR 
1 -R *— R*/16 
E4nr? = Q +— | 8an C D e /\6) and 
& & 3 4R 
On ae 

=—— (64(r/R)Y -48(r/RY -D= 

A y M1 (r/RÝ -1)= 7 
For r=R, E(4nr’) =£ and E= Q TA 

5 4rer 

(c) Q, = (ENS) = a = 0.267. 

Q Q 15 
(d) For r <R/2, F, =-eE =- ae r , so the restoring force depends upon displacement to the first power, and 

TE 
we have simple harmonic motion. 
2 
(e) Comparing to F = -— kr, k = 8e0 z. Then œ= La = ae and T = ab =2n Bus Me, 
15ze,R m, 15re Rm, a) 8eO 
EVALUATE: (f) Ifthe amplitude of oscillation is greater than R/2, the force is no longer linear in r, and is thus 
no longer simple harmonic. 
22.67. IDENTIFY: The charge ina spherical shell of radius r and thickness dr is dO = p(r)4ar° dr . Apply Gauss’s law. 


SETUP: Use a Gaussian surface that is a sphere of radius r. Let Q, be the charge in the region r < R/2 and let 
Q, be the charge in the region where R/2<r<R. 
ra3ar’ Ona R' 3 


EXECUTE: (a) The total charge is +Q,, where 4r r= =—raR’* and 
(a) geis O=-0,+Q, a e aT 
Q, = 4ra f" (1-(r/RY)r? dr = 4raR? LoL Ba maR*. Therefore, Q = : H d taR? = 2a zaR? and 
RI2 24 160) 120 32 120 480 
_ 4800 
233aR° 
13 4 2 2 
(b) For r < R/2 , Gauss’s law gives E4zr? = aj w dr' = NO. and E= Ses ANo .For R/2<r<R, 
e? 2R 2&R l6eR 233m&R 


E4ar’ = 


egue | (RY yr? de ro, =j 
s 4 6 § 


3 3 3 5 3 5 
Fur? = 3 4raR _ 4naR I(r (z) 17 ad sue (=) a 23 eae pe 
128 « 5 3\R S\R 480 233mer° | 3\R S\R 1920 


E= 


r? R? r R? 
3 24 ae), 


z » since all the charge is enclosed. 


Are r 
(c) The fraction of Q between R/2<r<R is Qo = A. DI = 
Q 120 233 
(d) E= 80 E e using either of the electric field expressions above, evaluated at r = R/2. 
TE 


EVALUATE: (e) The force an electron would feel never is proportional to —r which is necessary for simple 
harmonic oscillations. It is oscillatory since the force is always attractive, but it has the wrong power of r to be 
simple harmonic motion. 


ELECTRIC POTENTIAL 


23.1. 


23.2. 


23.3. 


IDENTIFY: Apply Eq.(23.2) to calculate the work. The electric potential energy of a pair of point charges is given 
by Eq.(23.9). 
SET UP: Let the initial position of q, be point a and the final position be point b, as shown in Figure 23.1. 


b 
O 


r, =0.150 m 
0.250 m r, = (0.250 m)? + (0.250 m)? 
r, =0.3536 m 


qı Ta 92 


0.250 m 
Figure 23.1 
EXECUTE: W_,,=U,-—U, 
-6 3 -6 
Ta 1 442 (8.988x10° Nipo Eo C)(—4.30x10™° C) 
Are, r, 0.150 m 
U, =—0.6184 J 
-6 -6 
ee 1 442 _ (8.988x10° Naya C)(-4.30x10™ C) 
Ane, r, 0.3536 m 
U, =—0.2623 J 


W, =U, -U, =—0.6184 J —(-0.2623 J) = -0.356 J 


EVALUATE: The attractive force on q, is toward the origin, so it does negative work on q) when q, moves to 
larger r. 

IDENTIFY: Apply W,,,=U,-—U,. 

SETUP: U,=+5.4x10° J. Solve for U,. 

EXECUTE: W,_,, =-1.9x10* J=U,-U,. U,=U,-W, 


ge p =1.9x10* J-(-5.4x10* J) =7.3x10° J. 
EVALUATE: When the electric force does negative work the electrical potential energy increases. 

IDENTIFY: The work needed to assemble the nucleus is the sum of the electrical potential energies of the protons 
in the nucleus, relative to infinity. 

SETUP: The total potential energy is the scalar sum of all the individual potential energies, where each potential 


energy is U =(1/47,)(qq,/r). Each charge is e and the charges are equidistant from each other, so the total 


; : Ife e e 3e? 
potential energy is U = t t = : 
4ra r r r Aer 


EXECUTE: Adding the potential energies gives 
_ 3e? _ 3(1.60x10°” C)°(9.00x 10” N -m?/C°) 
Aner 2.00 x10"? m 


EVALUATE: This is a small amount of energy on a macroscopic scale, but on the scale of atoms, 2 MeV is quite a 
lot of energy. 


=3.46x10™ J=2.16 MeV 
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23.4. IDENTIFY: The work required is the change in electrical potential energy. The protons gain speed after being 
released because their potential energy is converted into kinetic energy. 
(a) SET Up: Using the potential energy of a pair of point charges relative to infinity, U = (1/47, )(qq,/r).we have 


1 2 2 
W =AU =U,-U,= Zoa 
4ra n 7 


EXECUTE: Factoring out the e° and substituting numbers gives 


1 1 
3.00x10"" m 2.00x107" m 


W = (9.00 x10°N- m’/C’)(1.60 x10" c}( =7.68x10" J 


(b) SET Up: The protons have equal momentum, and since they have equal masses, they will have equal speeds 


and hence equal kinetic energy. AU = K, +K, =2K = 2( 5 mv =mv’. 


[A .68 x107 
EXECUTE: Solving for v gives v = “4 = ae A L: 6.78 x 10° m/s 
m 1.67x10~' kg 


EVALUATE: The potential energy may seem small (compared to macroscopic energies), but it is enough to give 
each proton a speed of nearly 7 million m/s. 
23.5. (a) IDENTIFY: Use conservation of energy: 


K, +U, + W iner = K, +U, 
U for the pair of point charges is given by Eq.(23.9). 
SET UP: 
Va = 22.0 m/s 
on be wh 0.800 m fi 
AN Let point a be where q is 0.800 m from 
> L g < 
«Oa weit ©: ' qı and point b be where q is 0.400 m 
r, = 0.800 m from qı, as shown in Figure 23.5a. 
r, = 0.400 m 


Figure 23.5a 


; 1 
EXECUTE: Only the electric force does work, so W ne =0 and U = PA 
me, r 


K, =4mv; =4(1.50x10° kg)(22.0 m/s)’ = 0.3630 J 


a 2 


-6 -6 
U, = 4% = (8.988% 10? N-m2/c?) ESI OCT BOXIO™ O _ 19 9454 J 
47, r, 0.800 m 
K, =m} 
-6 —6 
U, = —— 4 = (8,988 «10° N- m?/C?) E8010 C780x10 ©) _ 10,4907 J 


Are, T, 0.400 m 
The conservation of energy equation then gives K, = K, +(U,-U,) 


tmv? = +0.3630 J + (0.2454 J -0.4907 J) =0.1177 J 


Vv, = PARETI: 9 =12.5 m/s 
1.50x10™ kg 

EVALUATE: The potential energy increases when the two positively charged spheres get closer together, so the 

kinetic energy and speed decrease. 

(b) IDENTIFY: Let point c be where q, has its speed momentarily reduced to zero. Apply conservation of energy to 

points a and c: K, +U, +W ner = K. +U- 


other 


Electric Potential 
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23.6. 


23.7. 


SETUP: Points a and c are shown in Figure 23.5b. 


va = 22.0 m/s 
—_—> vy. = 0 
«Oo ar Ou EXECUTE: K, =+0.3630 J (from part (a)) 
< U, =+0.2454 J (from part (a)) 
ra = 0.800 m 


r=? 


Figure 23.5b 


K,=0 (at distance of closest approach the speed is zero) 


y= 1 fh 
“Ane, r, 
A 1 
Thus conservation of energy K, +U, =U, gives TT = +0.3630 J + 0.2454 J = 0.6084 J 
T k 
= -6 E -6 
pae e a Na A OCI OME i 
47, 0.6084 J +0.6084 J 
EVALUATE: U =œ as r—0 so q will stop no matter what its initial speed is. 
IDENTIFY: Apply U =k L® and solve forr. 
Te 
SETUP: q, =-7.2x10° C, q, =+2.3x10° C 
9 2m2 = æ 
Eatme: ee kg,q, _ (8.99x10° N-m°/C*)(-7.20 x10 C)(4+2.30x10° C) -0.372 m 
U —0.400 J 
EVALUATE: The potential energy U is a scalar and can take positive and negative values. 
(a) IDENTIFY and SETUP: U is given by Eq.(23.9). 
EXECUTE: U soL M 
4em r 
—6 -6 
a E E E a OG E T G) 


0.250 m 
EVALUATE: The two charges are both of the same sign so their electric potential energy is positive. 
(b) IDENTIFY: Use conservation of energy: K, +U, +W ne =K, +U, 
SETUP: Let point a be where q is released and point b be at its final position, as shown in Figure 23.7. 


Va = 0 Lf oe ? 
a b EXECUTE: XK,=0 (released from rest) 
D d S=" U, =40.198 J (from part (a)) 
=o K. =! 2 
a b = 7M, 
rh 
Figure 23.7 
s 7 _ 1 qQ 
Only the electric force does work, so Winer =0 and U =——-—=. 
47e, r 


(i) r, =0.500 m 


~6 ~6 
U, = 92 ~ (8. 988x10° N- m?/c?) C4 00%10 C)(+1.20 x10 ©) 
4ng r 0.500 m 


+0.0992 J 


Then K, +U, +W, 


other 
r pU. 2(+0.198 J — 0.0992 J) 
’ m 2.80x10™“ kg 


=K,+U, gives K,=U,-U, and 4mv; =U,-U, and 


=26.6 m/s. 


(ii) %, =5.00m r, is now ten times larger than in (i) so U, is ten times smaller: U, = +0.0992 J/10 = +0.00992 J. 


=36.7 m/s. 


va pn oare T) 
b 


m 2.80x10* kg 
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(iii) z, =50.0 m 
r, is now ten times larger than in (ii) so U; is ten times smaller: 

U, =+0.00992 J/10 = +0.000992 J. 
i ape -U,) _ [2(+0.198 coe J) =375 mis. 
m 2.80x10™ kg 

EVALUATE: The force between the two charges is repulsive and provides an acceleration to q. This causes the 
speed of q to increase as it moves away from Q. 

23.8. IDENTIFY: Call the three charges 1, 2 and 3. U=U,,+U,,+U,, 
SETUP: U,,=U,,=U,, because the charges are equal and each pair of charges has the same separation, 0.500 m. 

2 -6 2 
EXECUTE: U= H g AL 0.078 J. 
0.500 m 0.500 m 

EVALUATE: When the three charges are brought in from infinity to the corners of the triangle, the repulsive 
electrical forces between each pair of charges do negative work and electrical potential energy is stored. 

23.9. IDENTIFY: U= i( patsy a 

ha h3 13 
SET Up: In part (a), n, =0.200 m, z, =0.100 mand 7,, =0.100 m. In part (b) let particle 3 have coordinate x, so 
r = 9.200 m, 7, =x and n, =0.200 —x. 
4.00 —3.00 4. 2. =3; 2. 
EXECUTE: (a) U=k ( nC)(—3.00 nC) : (4.00 nC)(2.00 nC) (=3.00 nC)(2.00 nC) |) _ 360x107 J 
(0.200 m) (0.100 m) (0.100 m) 
(b) If U =0, then 0 =1({ , hits | Gets } Solving for x we find: 
No x h2 —* 
0=-604 3 5 = => 60x° — 26x +1.6=0=> x=0.074 m, 0.360 m. Therefore, x = 0.074 m since it is the only 
x 0.2-x 

value between the two charges. 
EVALUATE: U, is positive and both U,, and U,, are negative. If U =0, then Us} = \U,,| +|U,)|- For 
x=0.074m, U =+9.7x107 J, U,,=-4.3x107 J and U, =-5.4x107 J. It is true that U =0 at this x. 

23.10. IDENTIFY: The work done on the alpha particle is equal to the difference in its potential energy when it is moved 


from the midpoint of the square to the midpoint of one of the sides. 
SETUP: We apply the formula W, ,, =U, —U,,. In this case, a is the center of the square and b is the midpoint of 
one of the sides. Therefore W, 


center—side U 


There are 4 electrons, so the potential energy at the center of the square is 4 times the potential energy of a single 


>b 
= Ugie side* 

alpha-electron pair. At the center of the square, the alpha particle is a distance rı = v50 nm from each electron. At 
the midpoint of the side, the alpha is a distance r, = 5.00 nm from the two nearest electrons and a distance r, = 
¥125 nm from the two most distant electrons. Using the formula for the potential energy (relative to infinity) of 


two point charges, U = (1/47,)(qq,/r), the total work is 


TE ee ae i? É EAE. = 


center—side center side 
Are, F, 4ng r, 4T 1, 


Substituting qe = e and qa = 2e and simplifying gives 


Wi voici 5 dite = 4e* : ; : H l 
l Aran n 5 


EXECUTE: Substituting the numerical values into the equation for the work gives 


w =-a(1.60%10° c) | z í SEN E. J|- 608x10 1277 


J50 m 5.00 nm l 4125 nm 


EVALUATE: Since the work is positive, the system has more potential energy with the alpha particle at the center 
of the square than it does with it at the midpoint of a side. 
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23.11. 


23.12. 


23.13. 


23.14. 


IDENTIFY: Apply Eq.(23.2). The net work to bring the charges in from infinity is equal to the change in potential 
energy. The total potential energy is the sum of the potential energies of each pair of charges, calculated from 
Eq.(23.9). 
SET Up: Let | be where all the charges are infinitely far apart. Let 2 be where the charges are at the corners of the 
triangle, as shown in Figure 23.11. 

bead 


d Let qe be the third, unknown charge. 


a 
q d c 
Figure 23.11 


EXECUTE: W =—AU =-(U,-U,) 


U, =0 
U,=U ,+U +U, = l (@? +2qq.) 
2 =U TUL TIe ined F 4qq. 
Want W =0, so W =-(U, —-U,) gives 0=-U, 
1 
0=— (+2 
ted 94.) 


q? +2qq,=0 and q, =-q/2. 
EVALUATE: The potential energy for the two charges q is positive and for each q with q, it is negative. There are 
two of the q, qe terms so must have q, <q. 
IDENTIFY: Use conservation of energy U, +K, =U,+K, to find the distance of closest approach r,. The 
laal 

ha. 


b 


maximum force is at the distance of closest approach, F =k 


SETUP: XK, =0. Initially the two protons are far apart, so U, =0. A proton has mass 1.67x10” kg and charge 
q=+e=4+1.60x10"" C. 


2 
EXECUTE: K,=U,. mv) =k LL, mv? =k and 


r, n, 
2 9 2 2 -19 2 
p = BEL = 899x10 N-m'/C*V(1.60%10"” CP 3810" m, 
mv, (1.67x10~" kg)(1.00 x10° m/s) 
2 -19 2 
F =k& = 899x10 Nm) EEL O_o oi. 
r (1.38x10® C) 


EVALUATE: The acceleration a = F/m of each proton produced by this force is extremely large. 

=, : ; W 
IDENTIFY: E points from high potential to low potential. —+ = V, - V,. 

do 

SETUP: The force on a positive test charge is in the direction of E. 
EXECUTE: V decreases in the eastward direction. A is east of B, so V, >V,. Cis east of A, so V.<V,. The force 
on a positive test charge is east, so no work is done on it by the electric force when it moves due south (the force and 
displacement are perpendicular), and V, =V}. 
EVALUATE: The electric potential is constant in a direction perpendicular to the electric field. 

W, : ke 
IDENTIFY: —4=V, -V,. Fora point charge, V = el 

do P 

SETUP: Each vacant corner is the same distance, 0.200 m, from each point charge. 


EXECUTE: Taking the origin at the center of the square, the symmetry means that the potential is the same at the 
two corners not occupied by the +5.00 wC charges. This means that no net work is done is moving from one corner 


to the other. 
EVALUATE: Ifthe charge g, moves along a diagonal of the square, the electrical force does positive work for part 
of the path and negative work for another part of the path, but the net work done is zero. 
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23.15. IDENTIFY and SET UP: Apply conservation of energy to points A and B. 
EXECUTE: K,+U,=K,+U, 
U =qV, so K,+qV,=K,+4qV, 
K, =K,+qV,—V,) =0.00250 J + (-5.00 x10 C)(200 V -800 V) = 0.00550 J 
Vg =/2K,/m =7.42 m/s 
EVALUATE: Itis faster at B; a negative charge gains speed when it moves to higher potential. 
W, 
=K,-K,. ““=V,-V,. 
q 
SETUP: Point a is the starting and point b is the ending point. Since the field is uniform, 
W, = Fscosġ = E|q|scos ġ. The field is to the left so the force on the positive charge is to the left. The particle 


a—>b 


23.16. IDENTIFY: The work-energy theorem says W, 


>b 


moves to the left so ø = 0° and the work W, 


a—>b 

EXECUTE: (a) W, ,=K,-K,=1.50x10% J-0=1.50x10*% J 
1.50x10%® 

A A = Om 

q  4.20x10°C 


is positive. 


=357 V. Point a is at higher potential than point b. 


W V_-V, 357 V 
E s= E= ab aa b = 
(© Elq|s=W,_,,. 80 lds s-6.00x10> m 


EVALUATE: A positive charge gains kinetic energy when it moves to lower potential; V, <V,. 


=5.95x10° V/m. 


23.17. IDENTIFY: Apply the equation that precedes Eq.(23.17): W,_,, = q'[ E -dl. 


>b 


SETUP: Use coordinates where +y is upward and +x is to the right. Then E = Ej with E =4.00x10* N/C. 
(a) The path is sketched in Figure 23.17a. 


r dl = dxt 
x 
a b 


Figure 23.17a 


EXECUTE: -dÏ =(Ej)-(dxi)=0 so W,,,=q'] E -di =0. 


EVALUATE: The electric force on the positive charge is upward (in the direction of the electric field) and does no 
work for a horizontal displacement of the charge. 
(b) SET Up: The path is sketched in Figure 23.17b. 


y 


dl = dj 


x 
a 


Figure 23.17b 
EXECUTE: E -dl =(Ej)-(dyj) = Edy 
' b T ' b r 
Wp =q'| E-dl =q El dy =g EO,- y.) 
Y, — Ya =+0.670 m, positive since the displacement is upward and we have taken +y to be upward. 


W, 


a—>b 


=q'E(y, — y,) = (+28.0 x10° C)(4.00 x 10* N/C)(+0.670 m) = +7.50x10* J. 


EVALUATE: The electric force on the positive charge is upward so it does positive work for an upward 
displacement of the charge. 
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23.18. 


23.19. 


23.20. 


(c) SET Up: The path is sketched in Figure 23.17c. 


¥,=9 
Y, =—rsin@ = —(2.60 m)sin 45° = -1.838 m 


The vertical component of the 2.60 m 
displacement is 1.838 m downward. 


eh 


Figure 23.17c 


EXECUTE: dl = dxi + dyj (The displacement has both horizontal and vertical components.) 


E-dl = (Ej) . (dxi + dyj) = Edy (Only the vertical component of the displacement contributes to the work.) 
fon T ' b , 
W,» =q'| E-dl =qE| dy=qE(y,-¥.) 


W, 


ab 


=q'E(y, —y,) = (428.0x10°C)(4.00 x 10* N/C)(—1.838 m) = -2.06 x10" J. 
q EYp = Ya 


EVALUATE: The electric force on the positive charge is upward so it does negative work for a displacement of the 
charge that has a downward component. 

IDENTIFY: Apply K,+U,=K,+U,. 

SETUP: Let g,=+3.00 nC and q, =+2.00 nC. At point a, n, =7,, =0.250 m. At point b, n, =0.100 mand 

ry, = 0.400 m. The electron has q =-e and m, =9.11x10~' kg. K, =0 since the electron is released from rest. 


keq, keq, keq, keq, 1 3 


EXECUTE: = + —M,V, . 
Na Da Np Hy 2 

z 2.00x10° 
pokso kera og SO © een ©) o i: 

0.250m 0.250 m 

-9 -9 

Pewaukee o SOOO COON ee 8040 TE nat 

0.100 m 0.400m } 2 2 
Setting E, = E, gives v, = —_* 5.94107" J=2.88x1077 J) =6.89 x 10° m/s. 

9.1110" kg 


EVALUATE: V,=V,,+V,,=180V. V,=V,,+V,,=315 V. V,>V,. The negatively charged electron gains kinetic 
energy when it moves to higher potential. 


; ki 
IDENTIFY and SET UP: For a point charge V = “1 Solve for r. 
r 


kq _ (8.99x10° N-m*/C’)(2.50x10"' C) 
90.0 V 


= 2.50x10° m = 2.50 mm 


EXECUTE: (a)r= 


(b) Vr = kq = constant so Vir, =V,r,. n =r l 4 ) (2.50 mm 2 v) =7.50 mm. 

V, 30.0 V 
EVALUATE: The potential of a positive charge is positive and decreases as the distance from the point charge 
increases. 
IDENTIFY: The total potential is the scalar sum of the individual potentials, but the net electric field is the vector 
sum of the two fields. 
SET Up: The net potential can only be zero if one charge is positive and the other is negative, since it is a scalar. 
The electric field can only be zero if the two fields point in opposite directions. 
EXECUTE: (a) (i) Since both charges have the same sign, there are no points for which the potential is zero. 
(ii) The two electric fields are in opposite directions only between the two charges, and midway between them the 
fields have equal magnitudes. So E = 0 midway between the charges, but V is never zero. 
(b) (i) The two potentials have equal magnitude but opposite sign midway between the charges, so V = 0 midway 
between the charges, but £ # 0 there since the fields point in the same direction. 
(ii) Between the two charges, the fields point in the same direction, so E cannot be zero there. In the other two 
regions, the field due to the nearer charge is always greater than the field due to the more distant charge, so they 
cannot cancel. Hence £ is not zero anywhere. 
EVALUATE: It does not follow that the electric field is zero where the potential is zero, or that the potential is zero 
where the electric field is zero. 
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23.21. IDENTIFY: V= as A: 
Ane, TT, 
SETUP: The locations of the changes and points 4 and B are sketched in Figure 23.21. 
B 


0.080 m 0.060 m 


0.050 m 0.050 m 
- 


qı = +2.40 nC A q2 = —6.50 nC 
Figure 23.21 


1 
EXECUTE: (a) V, -L{4+4) 
Al A2 


+2.40x10° C , -6.50x10” C 
0.050m 0.050 m 


V, =(8.988x10° Nec |- -737 V 


+2.40x10° C —6.50x10° C 
0.080m 0.060 m 


V, =(8.988x10° Nomi J- 704 V 

(c) IDENTIFY and SETUP: Use Eq.(23.13) and the results of parts (a) and (b) to calculate W. 

EXECUTE: W,_,,=q'V,;—V,)=(2.50x10° C)(-704 V- (-737 V))=+8.2x10° J 

EVALUATE: The electric force does positive work on the positive charge when it moves from higher potential 
(point B) to lower potential (point A). 


; k : ae : 3 
23.22. IDENTIFY: Fora point charge, V = “7 The total potential at any point is the algebraic sum of the potentials of the 
r 


two charges. 
SET Up: (a) The positions of the two charges are shown in Figure 23.22a. r=Va*+x°. 


Figure 23.22a 


EXECUTE: (b) /, ago toi 
Are, a 


aros aa 4 


Amer Ane, Ja? +x 


Electric Potential 23-9 


23.23. 


23.24. 


(d) The graph of V versus x is sketched in Figure 23.22b. 
V 


1.20 
0.80 


0.40 


4.00 —3.00 —2.00 — 1.00 0.00 1.00 2.00 3.00 4.00 
Figure 23.22b 
EVALUATE: (e) When x>>a, V = =. just like a point charge of charge +2q. At distances from the charges 
Me, X 
much greater than their separation, the two charges act like a single point charge. 


IDENTIFY: For a point charge, V = kq . The total potential at any point is the algebraic sum of the potentials of the 
r 


two charges. 
SETUP: (a) The positions of the two charges are shown in Figure 23.23. 


EXECUTE: (b) V= ka ka) 0. 
r r 
(c) The potential along the x-axis is always zero, so a graph would be flat. 
(d) If the two charges are interchanged, then the results of (b) and (c) still hold. The potential is zero. 
EVALUATE: The potential is zero at any point on the x-axis because any point on the x-axis is equidistant from the 
two charges. 


Figure 23.23 


IDENTIFY: Fora point charge, V = ka . The total potential at any point is the algebraic sum of the potentials of the 
r 


two charges. 
SETUP: Consider the distances from the point on the y-axis to each charge for the three regions —a < y <a 


(between the two charges), y >a (above both charges) and y < -—a (below both charges). 


EXECUTE: (a) | y|<a:V= Mi Mi AD y>a:V = i t eee, 
(a+y) (a-y) y -a (a+y) y-a y-a 

-=k k 2k 
y<-aVe= q q = a 

(a+y) (-yt+a) y-a 
A general expression valid for any y is r=4( m }: 

ly-a| |y+al 

(b) The graph of V versus y is sketched in Figure 23.24. 

2k —2k 
O yaa: V =E x A 

y- =a y 


(d) If the charges are interchanged, then the potential is of the opposite sign. 
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EVALUATE: V =0 at y=0. V — +o as the positive charge is approached and V —> — as the negative charge is 
approached. 
V 


Figure 23.24 


23.25. IDENTIFY: Fora point charge, V = t . The total potential at any point is the algebraic sum of the potentials of the 
F 


two charges. 


SETUP: (a) The positions of the two charges are shown in Figure 23.25a. 
y 


+q 2q 
Figure 23.25a 
(b) x>a:V = Le be Seay 0<x<a:V = LL Hora 
x x-a x(x-a) x a-x x(x-a) 

x<0:V =— i eles ay A general expression valid for any y is V = dg PE. ) ; 

x x-a x(x-a) |x| |x-a| 
(c) The potential is zero at x =—aanda/3. 
(d) The graph of V versus x is sketched in Figure 23.25b. 

V 
za = L 1 L i 1 1 1 1 > xla 


Figure 23.25b 


EVALUATE: (e) For x>>a:V ~— 4 2> ae. which is the same as the potential of a point charge —q. Far from 
x x 


the two charges they appear to be a point charge with a charge that is the algebraic sum of their two charges. 
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; ke ; T ; : 
23.26. IDENTIFY: Fora point charge, V = “1 The total potential at any point is the algebraic sum of the potentials of the 
r 


two charges. 
SETUP: The distance of a point with coordinate y from the positive charge is | y| and the distance from the 


negative charge is r =4/a° +y’ . 


EXECUTE: (a) V = K oo = kq l z . 
Iyl r Iyl Ja? +y? 
2 2; 


T 


(c) The graph of V versus y is sketched in Figure 23.26. V — œ as the positive charge at the origin is approached. 


(b) V =0, when y? =f = >37 =a > y= 


Le 2-2 k ; ; : 
EVALUATE: (d) y>>a:V x u(t = 2) =— 4 which is the potential of a point charge —q . Far from the two 
Y-Y y 


charges they appear to be a point charge with a charge that is the algebraic sum of their two charges. 
V 


0.00 


2.00 1.50 1.00 0.50 0.00 0.50 1.00 1.50 2.00 ` 
Figure 23.26 
23.27. IDENTIFY: K,+qV,=K,+qV,. 
SETUP: Let point a be at the cathode and let point b be at the anode. K, =0. V,-V, =295 V . An electron has 
q=-eand m=9.11x10"' kg. 


EXECUTE: K,=q(V,-V,)=-(1.60x10°" C)(—295 V)=4.72x10" J. K,= mi , SO 


=17 
ya [A T2 x10 D2 1 01x10! m/s 
9.11x10"' kg 


EVALUATE: The negatively charged electron gains kinetic energy when it moves to higher potential. 
; k ke 
23.28. IDENTIFY: Fora point charge, E = lal and V =, 
r 


SETUP: The electric field is directed toward a negative charge and away from a positive charge. 


2 
EXECUTE: (a) V>0 so g>0. —= ae -(2) Fes Gi UE Se arse. 
E kļa|/? \ r J kq 12.0 V/m 


b) q= rV _ (0.415 m)(4.98 V) 
17E 899x10 N-m/C? 
(c) q >00, so the electric field is directed away from the charge. 


=2.30x10° C 


EVALUATE: The ratio of V to E due to a point charge increases as the distance r from the charge increases, because 
E falls off as 1/r? and V falls off as 1/r . 


23.29. (a) IDENTIFY and SET Up: The direction of E is always from high potential to low potential so point b is at 
higher potential. 
(b) Apply Eq.(23.17) to relate V, —V, to E. 


EXECUTE: V,-V,=—( E-dl =("Edx = E(x, -x,). 
b a a a b a 


_V,-V,_ +240 V 


E = 
x,—x, 0.90m-0.60 m 


=800 V/m 
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(c) W, a =a, -V,) =(—0.200 x10 C)(+240 V) =-4.80x10° J. 
EVALUATE: The electric force does negative work on a negative charge when the negative charge moves from 
high potential (point b) to low potential (point a). 


23.30. IDENTIFY: Fora point charge, V = kq . The total potential at any point is the algebraic sum of the potentials of the 
r 


Hal 


two charges. For a point charge, E = . The net electric field is the vector sum of the electric fields of the two 
r 


charges. 
SETUP: E produced by a point charge is directed away from the point charge if it is positive and toward the 

charge if it is negative. 

EXECUTE: (a) V = Vo + Vao >0, so V is zero nowhere except for infinitely far from the charges. The fields can 
cancel only between the charges, because only there are the fields of the two charges in opposite directions. Consider a 
kQ = kO) >(d —x) =2x’. 
x (d-x) 


point a distance x from Q and d —x from 2Q, as shown in Figure 23.30a. E, = Ey, > 


x=—4 The other root, x = does not lie between the charges. 


d 

1+vV2 1-2’ 

(b) V can be zero in 2 places, A and B, as shown in Figure 23.30b. Point A is a distance x from —Q and d -x from 
K(~Q) | KCO) 


x d-x 


2Q. B is a distance y from —Q and d + y from 2Q. At A: =0>x=d/3. 


arp. FD, HOD 
y d+y 
The two electric fields are in opposite directions to the left of —Q or to the right of 20 in Figure 23.30c. But for the 


=0>y=d. 


magnitudes to be equal, the point must be closer to the charge with smaller magnitude of charge. This can be the 


kQ_ k(2Q) d d 


case only in the region to the left of -Q . E, = E,, gives — = (d+xy and x= Da . 
x +x - 


EVALUATE: (d) Æ and V are not zero at the same places. E isa vector and V is a scalar. E is proportional to 1/r? 


and V is proportional to 1/r . E is related to the force on a test charge and AFV is related to the work done on a test 
charge when it moves from one point to another. 

Q 20 -Q 20 

o<— d —_>0 <—_ d—_> 


x x 


(a) (b) 
Figure 23.30 


23.31. IDENTIFY and SET Up: Apply conservation of energy, Eq.(23.3). Use Eq.(23.12) to express U in terms of V. 
(a) EXECUTE: K,+qV,=K,+4q), 


qV, -V,)=K,-K; g=-1.602x10°" C 
K, =4mv? =4.099x10™ J; K, =4my? =2.915x10" J 
K,-K 
V,-V,=—2 1 =-156 V 
q 


EVALUATE: The electron gains kinetic energy when it moves to higher potential. 
(b) EXECUTE: Now K, =2.915x10"’ J, K, =0 


K,-K 
V-V, == = 4182 V 
q 


EVALUATE: The electron loses kinetic energy when it moves to lower potential. 
23.32. IDENTIFY and SET UP: Expressions for the electric potential inside and outside a solid conducting sphere are 
derived in Example 23.8. 


kq _ k(3.50x10° C) 


EXECUTE: (a) This is outside the sphere, so V = =65.6V. 
r 0.480 m 
-9 
diiis mement tehea Oia, 
0.240 m 


(c) This is inside the sphere. The potential has the same value as at the surface, 131 V. 
EVALUATE: All points of a conductor are at the same potential. 
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23.33. 


23.34. 


23.35. 


(a) IDENTIFY and SET Up: The electric field on the ring’s axis is calculated in Example 21.10. The force on the 
electron exerted by this field is given by Eq.(21.3). 

EXECUTE: When the electron is on either side of the center of the ring, the ring exerts an attractive force directed 
toward the center of the ring. This restoring force produces oscillatory motion of the electron along the axis of the 
ring, with amplitude 30.0 cm. The force on the electron is not of the form F =—kx so the oscillatory motion is not 
simple harmonic motion. 

(b) IDENTIFY: Apply conservation of energy to the motion of the electron. 

SETUP: K,+U,=K,+U, with a at the initial position of the electron and b at the center of the ring. From 


Example 23.11, V = fee where R is the radius of the ring. 


Ame, x? +R? 
EXECUTE: x, =30.0 cm, x, =0. 
K, =0 (released from rest), K, =4mv* 


2 
Thus mv’ =U, -U, 


2eV, — 
And U=qV =-eV so v= 2e(V, -V.) 
m 


-9 
y, =L =(8.988x10° N-m/C?) -00 C 
Ame sfx; +R? (0.300 m)? + (0.150 my” 
V, =643 V 
-9 
R Q _(g.988x10? N-m2/C2) O © _ 1438 y 


1 
~ Ame, x? + R 0.150 m 


-19 
y [0-va _ [20.602x10™ C1438 V -643 V) _ 67x10" ms 
ji 9.10910! kg 


EVALUATE: The positively charged ring attracts the negatively charged electron and accelerates it. The electron 
has its maximum speed at this point. When the electron moves past the center of the ring the force on it is opposite 
to its motion and it slows down. 


: A ; 
IDENTIFY: Example 23.10 shows that for a line of charge, V, —V, = are aN r,). Apply conservation of energy 
TE, 
to the motion of the proton. 
SET Up: Let point a be 18.0 cm from the line and let point b be at the distance of closest approach, where K, =0. 


EXECUTE: (a) K, =}mv =14(1.67x10~ kg)(1.50x10° m/s)’ =1.88x107' J. 
K,-K, _—1.88x107' J 
q 1.60x10° C 


26,(-0.01175 V)\ _ (0.180 myexp _26,(0.01175 vV) 
A 5.00x10-? C/m 


EVALUATE: The potential increases with decreasing distance from the line of charge. As the positively charged 
proton approaches the line of charge it gains electrical potential energy and loses kinetic energy. 

IDENTIFY: The voltmeter measures the potential difference between the two points. We must relate this quantity to 
the linear charge density on the wire. 


(b) K,+qV,=K,+qV,.V,-V,= =-0.01175 V. ine.) =| 28 ](-001175 v). 


n =nexo| Jose. 


Be A 
SETUP: Fora very long (infinite) wire, the potential difference between two points is AV = Te ils / rh) : 
TE 


EXECUTE: (a) Solving for Å gives 
_ (AV)276, _ 575 V 


i(i) (18 x10° Nem'ic?)in{ 35° m) 
2.50 cm 

(b) The meter will read less than 575 V because the electric field is weaker over this 1.00-cm distance than it was 
over the 1.00-cm distance in part (a). 
(c) The potential difference is zero because both probes are at the same distance from the wire, and hence at the 
same potential. 
EVALUATE: Since a voltmeter measures potential difference, we are actually given AV, even though that is not 
stated explicitly in the problem. We must also be careful when using the formula for the potential difference because 
each r is the distance from the center of the cylinder, not from the surface. 


= 9,49 x 10° C/m 
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23.36. 


23.37. 


23.38. 


23.39. 


IDENTIFY: The voltmeter reads the potential difference between the two points where the probes are placed. 
Therefore we must relate the potential difference to the distances of these points from the center of the cylinder. For 
points outside the cylinder, its electric field behaves like that of a line of charge. 


; A : 
SETUP: Using AV = Ime ls /r,) and solving for rp, we have y, = r e94, 
TE, 


1 
175 V 
(soma sare ) 


15.0x10° C/m 
r, = (2.50 cm) eo = 4.78 cm. 

The distance above the surface is 4.78 cm — 2.50 cm = 2.28 cm. 

EVALUATE: Since a voltmeter measures potential difference, we are actually given AV, even though that is not 

stated explicitly in the problem. We must also be careful when using the formula for the potential difference because 

each r is the distance from the center of the cylinder, not from the surface. 

IDENTIFY: For points outside the cylinder, its electric field behaves like that of a line of charge. Since a voltmeter 

reads potential difference, that is what we need to calculate. 


In(7,/r,). 


EXECUTE: The exponent is = 0.648 , which gives 


SETUP: The potential difference is AV = 


27€, 
EXECUTE: (a) Substituting numbers gives 


10.0 m) 


AV = 2 n(n ir) = (8.50x10% C/m)(2* 9.0010" N-miC*)in( 
27€) 6.00 cm 


AV =7.82 x 104 V = 78,200 V = 78.2 kV 


(b) E = 0 inside the cylinder, so the potential is constant there, meaning that the voltmeter reads zero. 
EVALUATE: Caution! The fact that the voltmeter reads zero in part (b) does not mean that V = 0 inside the 
cylinder. The electric field is zero, but the potential is constant and equal to the potential at the surface. 
IDENTIFY: The work required is equal to the change in the electrical potential energy of the charge-ring system. 
We need only look at the beginning and ending points, since the potential difference is independent of path for a 
conservative field. 


1 
SETUP: (a) W= AU = gAV =q (Vne v= g o) 
4rE a 


EXECUTE: Substituting numbers gives 
AU = (3.00 x 10° C)(9.00 x 10° N - m°/C°)(5.00 x 10% C)/(0.0400 m) = 3.38 J 
(b) We can take any path since the potential is independent of path. 
(c) SETUP: The net force is away from the ring, so the ball will accelerate away. Energy conservation gives 
Uy = K max =v. 
EXECUTE: Solving for v gives 


yo Pee = 2(3.38 J) ee 
m 0.00150 kg 


EVALUATE: Direct calculation of the work from the electric field would be extremely difficult, and we would need 
to know the path followed by the charge. But, since the electric field is conservative, we can bypass all this 
calculation just by looking at the end points (infinity and the center of the ring) using the potential. 
IDENTIFY: The electric field is zero everywhere except between the plates, and in this region it is uniform and 
points from the positive to the negative plate (to the left in Figure 23.32). 
SET Up: Since the field is uniform between the plates, the potential increases linearly as we go from left to right 
starting at b. 
EXECUTE: Since the potential is taken to be zero at the left surface of the negative plate (a in Figure 23.32), it is 
zero everywhere to the left of b. It increases linearly from b to c, and remains constant (since E = 0) past c. The 
graph is sketched in Figure 23.39. 
EVALUATE: When the electric field is zero, the potential remains constant but not necessarily zero (as to the right 
of c). When the electric field is constant, the potential is linear. 

V 


Figure 23.39 
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23.40. 


23.41. 


23.42. 


23.43. 


IDENTIFY and SET UP: For oppositely charged parallel plates, E = o/€, between the plates and the potential 
difference between the plates is V = Ed . 
o _ 47.0x10° C/m* 


& 
(b) V = Ed =(5310 N/C)(0.0220 m) =117 V. 


(c) The electric field stays the same if the separation of the plates doubles. The potential difference between the 
plates doubles. 

EVALUATE: The electric field of an infinite sheet of charge is uniform, independent of distance from the sheet. 
The force on a test charge between the two plates is constant because the electric field is constant. The potential 
difference is the work per unit charge on a test charge when it moves from one plate to the other. When the distance 
doubles the work, which is force times distance, doubles and the potential difference doubles. 

IDENTIFY and SET UP: Use the result of Example 23.9 to relate the electric field between the plates to the potential 
difference between them and their separation. The force this field exerts on the particle is given by Eq.(21.3). Use 
the equation that precedes Eq.(23.17) to calculate the work. 

Va _ 360 V 
d 0.0450 m 
(b) F =|q|E = (2.40x10° C)(8000 V/m) = +1.92x10° N 


(c) The electric field between the plates is shown in Figure 23.41. 


+ + + + + 
a 


EXECUTE: (a) E= =5310 N/C. 


EXECUTE: (a) From Example 23.9, E = =8000 V/m 


Figure 23.41 


The plate with positive charge (plate a) is at higher potential. The electric field is directed from high potential 
toward low potential (or, E is from + charge toward — charge), so E points from a to b. Hence the force that E 
exerts on the positive charge is from a to b, so it does positive work. 


bo — 
W =Í F -dl = Fd, where d is the separation between the plates. 


W = Fd =(1.92x10° N)(0.0450 m) =+8.64x107 J 
(d) V,-V,=+360 V (plate a is at higher potential) 
AU =U, -U, =q4(V, -V,) =(2.40x10° C)(-360 V) =-8.64x107 J. 
EVALUATE: We see that W,,, =—(U,-U,)=U,-U,. 
IDENTIFY: The electric field is zero inside the sphere, so the potential is constant there. Thus the potential at the 
center must be the same as at the surface, where it is equivalent to that of a point-charge. 
SETUP: At the surface, and hence also at the center of the sphere, the field is that of a point-charge, 
E=Q/(4ne,R). 
EXECUTE: (a) Solving for Q and substituting the numbers gives 
Q =4ze,RV = (0.125 m)(1500 V)/(9.00 x 10° N- m7/C’) = 2.08 x 10° C = 20.8 nC 
(b) Since the potential is constant inside the sphere, its value at the surface must be the same as at the center, 
1.50 kV. 
EVALUATE: The electric field inside the sphere is zero, so the potential is constant but is not zero. 
IDENTIFY and SET Up: Consider the electric field outside and inside the shell and use that to deduce the potential. 


EXECUTE: (a) The electric field outside the shell is the same as for a point charge at the center of the shell, so the 
potential outside the shell is the same as for a point charge: 


q 
Aner 


V= for r >R. 


The electric field is zero inside the shell, so no work is done on a test charge as it moves inside the shell and all 


points inside the shell are at the same potential as the surface of the shell: V = for r<R. 
TE, 
ki R Ai -12 
(b) v= so q= LA m 00 V) 20 nC 


(c) EVALUATE: No, the amount of charge on the sphere is very small. Since U =qV the total amount of electric 
energy stored on the balloon is only (20 nC)(1200 V) =2.4x10° J. 
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23.44. 


23.45. 


23.46. 


IDENTIFY: Example 23.8 shows that the potential of a solid conducting sphere is the same at every point inside the 
sphere and is equal to its value V =q/2ze,R at the surface. Use the given value of E to find q. 

SETUP: For negative charge the electric field is directed toward the charge. 

For points outside this spherical charge distribution the field is the same as if all the charge were concentrated at the 
center. 


~ and q=4aeEr? (3800 NEO mn) 
Aner 8.99 x 10° N-m*/C 
Since the field is directed inward, the charge must be negative. The potential of a point charge, taking œ as zero, is 
q _ (8.99x10’ N-m’*/C*)(-1.69x10* C) | 
Arner 0.200 m 


on the surface of a conductor, the field inside the sphere due to this symmetrical distribution is zero. No work is 
therefore done in moving a test charge from just inside the surface to the center, and the potential at the center must 
also be —760 V. 


EVALUATE: Inside the sphere the electric field is zero and the potential is constant. 
IDENTIFY: Example 23.9 shows that V(y) = Ey , where y is the distance from the negatively charged plate, whose 


EXECUTE: E= =1.69x10°C. 


760 V at the surface of the sphere. Since the charge all resides 


potential is zero. The electric field between the plates is uniform and perpendicular to the plates. 

SET Up: V increases toward the positively charged plate. E is directed from the positively charged plated toward 
the negatively charged plate. 
EXECUTE: (a) E= E = ey 
d 0.0170 m 
V =240 V at y=0.85 cm, V =360 Vat y=1.28 cm and V =480 V at y =1.70 cm. The equipotential surfaces 


are sketched in Figure 23.45. The surfaces are planes parallel to the plates. 

(b) The electric field lines are also shown in Figure 23.45. The field lines are perpendicular to the plates and the 
equipotential lines are parallel to the plates, so the electric field lines and the equipotential lines are mutually 
perpendicular. 

EVALUATE: Only differences in potential have physical significance. Letting V = 0 at the negative plate is a 
choice we are free to make. 


=2.82x10* V/m and yan, V =0 at y=0, V =120 Vat y=0.43 cm, 


V= 120V V = 360 V 


V=0V V = 240 V V = 480 V 
Figure 23.45 


IDENTIFY: By the definition of electric potential, if a positive charge gains potential along a path, then the 
potential along that path must have increased. The electric field produced by a very large sheet of charge is uniform 
and is independent of the distance from the sheet. 

(a) SETUP: No matter what the reference point, we must do work on a positive charge to move it away from the 
negative sheet. 

EXECUTE: Since we must do work on the positive charge, it gains potential energy, so the potential increases. 


(b) SETUP: Since the electric field is uniform and is equal to 0/2, we have AV = Ed = wg ; 


25 


EXECUTE: Solving for d gives 
26,AV  2(8.85x10 C?/N -m° )(1.00V) 
o 6.00x10° C/m? 


EVALUATE: Since the spacing of the equipotential surfaces (d = 2.95 mm) is independent of the distance from the 
sheet, the equipotential surfaces are planes parallel to the sheet and spaced 2.95 mm apart. 


d = 0.00295 m = 2.95 mm 
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23.47 


23.48. 


23.49. 


IDENTIFY and SETUP: Use Eq.(23.19) to calculate the components of E. 
EXECUTE: V = Axy- Bx’ + Cy 


(a) goo Kaa 
i Ox 
ipa eee 
oy 
E 
Oz 


(b) £=0 requires that E, = E,=E,=0. 

E, =0 everywhere. 

E,=0 at x=-C/A. 

And E, is also equal zero for this x, any value of z, and y = 2Bx/A = (2B/A)(—C/A) =-2BC/A’. 
EVALUATE: V doesn’t depend on z so E =0 everywhere. 

IDENTIFY: Apply Eq.(21.19). i 


A 


SET Up: Eq.(21.7) says E = 1 id, is the electric field due to a point charge q. 


4re,r 


av | kO | kOx kOx 


EXECUTE: (a) E = = = = 
j (x+y +z’) 


3/2 ge 


Ox Ox Ix? + y + z r 

SE k k 

Similarly, £, = Ky and E, = Q 
r r 
(b) From part (a), E = kQ = L, 2) = kO f, which agrees with Equation (21.7). 
rlr r r r 
EVALUATE: Visa scalar. E is a vector and has components. 
IDENTIFY and SETUP: For a solid metal sphere or for a spherical shell, V = u outside the sphere and V = = at 
r 
all points inside the sphere, where R is the radius of the sphere. When the electric field is radial, E£ = — 
r 


EXECUTE: (a) (i) r<r,: This region is inside both spheres. V = kq _ ka uf ae F 
r SE, fF; 


a a 


(ii) r, <r <r, : This region is outside the inner shell and inside the outer shell. V = ki oka- u: i } 


r r, r G 


iii) r >r, : This region is outside both spheres and V =0 since outside a sphere the potential is the same as for point 
b g p p p p 


charge. Therefore the potential is the same as for two oppositely charged point charges at the same location. These 
potentials cancel. 


ee ee ee 
4re,\r, n, Are, 


(O Between the speres r, <7 <7; and V= tq L), = OF q =e E 1 ie ki L 
r 


np, 


(d) From Equation (23.23): E =0, since V is constant (zero) outside the spheres. 
(e) If the outer charge is different, then outside the outer sphere the potential is no longer zero but is 


Hig bee MY -9) All potentials inside the outer shell are just shifted by an amount 
4rer 4nme,r 426, r 


V= -2 Therefore relative potentials within the shells are not affected. Thus (b) and (c) do not change. 
Tah, 


However, now that the potential does vary outside the spheres, there is an electric field there: 


= k 
A EOE 2). bg oy 


or or\r r r 
EVALUATE: In part (a) the potential is greater than zero for all r<r,. 
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23.50. IDENTIFY: Exercise 23.49 shows that V = kq| —-—| for r<r,, V=kq| --—| for r, <r<r, and 
a r, r r, 
1 1 
rzut) 
r, n, 
SETUP: E= n , radially outward, for r, <r <r, 
r 
EXECUTE: (a) V, = i + z | =500V gives q= ; 200w: i =7.62x10" C. 
r, b 
[sa m 0.096 =] 
: ; . Sith’ 1 ssl 
(b) V, =0 so V, =500 V. The inner metal sphere is an equipotential with V =500 V. —=—+ 7 . V =400 V at 
r r kq 
r=1.45 cm, V =300 Vat r=1.85 cm, V =200 V at r=2.53 cm, V =100 V at r=4.00 cm, V =Oat 
r =9.60 cm. The equipotential surfaces are sketched in Figure 23.50. 
EVALUATE: (c) The equipotential surfaces are concentric spheres and the electric field lines are radial, so the field 
lines and equipotential surfaces are mutually perpendicular. The equipotentials are closest at smaller 7, where the 
electric field is largest. 
Figure 23.50 
23.51. IDENTIFY: Outside the cylinder it is equivalent to a line of charge at its center. 
SETUP: The difference in potential between the surface of the cylinder (a distance R from the central axis) and a 
A 
general point a distance r from the central axis is given by AV = 5 In(r/R). 
T 
EXECUTE: (a) The potential difference depends only on r, and not direction. Therefore all points at the same value 
of r will be at the same potential. Thus the equipotential surfaces are cylinders coaxial with the given cylinder. 
(b) Solving AV = as In(r/R) forr, gives r = R e79}, 
2m6 
For 10 V, the exponent is (10 V)/[(2 x 9.00 x 10° N - m’/C’)(1.50 x 10° C/m)] = 0.370, which gives r = (2.00 cm) 
e™™ = 2.90 cm. Likewise, the other radii are 4.20 cm (for 20 V) and 6.08 cm (for 30 V). 
(c) Ar, = 2.90 cm — 2.00 cm = 0.90 cm; Ar, = 4.20 cm — 2.90 cm = 1.30 cm; Ar; = 6.08 cm — 4.20 cm = 1.88 cm 
EVALUATE: As we can see, Ar increases, so the surfaces get farther apart. This is very different from a sheet of 
charge, where the surfaces are equally spaced planes. 
23.52. IDENTIFY: The electric field is the negative gradient of the potential. 


SETUP: E = = , SO E, is the negative slope of the graph of V as a function of x. 
x 

EXECUTE: The graph is sketched in Figure 23.52. Up to a, V is constant, so E, = 0. From a to b, V is linear with a 

positive slope, so E, is a negative constant. Past b, the V-x graph has a decreasing positive slope which approaches 

zero, so E, is negative and approaches zero. 
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23.53. 


23.54. 


EVALUATE: Notice that an increasing potential does not necessarily mean that the electric field is increasing. 
E 


=< 


Figure 23.52 


(a) IDENTIFY: Apply the work-energy theorem, Eq.(6.6). 
SET Up: Points a and b are shown in Figure 23.53a. 


y,=0 —— 
CC) ne 
T 8.00 cm b 


Figure 23.53a 


EXECUTE: W,, =AK =K,-K,=K,=4.35x10° J 


The electric force F, and the additional force F both do work, so that W, 


tot 


=W, +W,. 


tot 


Wp, =Wo -Wr =4.35x10° J —6.50x10~ J=-2.15x107 J 


EVALUATE: The forces on the charged particle are shown in Figure 23.53b. 


Figure 23.53b 


The electric force is to the left (in the direction of the electric field since the particle has positive charge). The 
displacement is to the right, so the electric force does negative work. The additional force F is in the direction of the 
displacement, so it does positive work. 
(b) IDENTIFY and SETUP: For the work done by the electric force, W,,, =q(V, —V,) 
-5 

EXECUTE: V,—V, = Yess = 21x10 I 283x10 V. 

q 7.60x10” C 
EVALUATE: The starting point (point a) is at 2.83x10° V lower potential than the ending point (point b). We 
know that V, >V, because the electric field always points from high potential toward low potential. 


(c) IDENTIFY: Calculate E£ from V, —V, and the separation d between the two points. 


SETUP: Since the electric field is uniform and directed opposite to the displacement W, 


">p =—F;d =—qEd, where 
d =8.00 cm is the displacement of the particle. 
3 
Ete Be Wis» __Va zV, _ 283x10 V 
qd d 0.0800 m 
EVALUATE: In part (a), W, 


by the electric force. 


= 3.54x10* V/m. 


is the total work done by both forces. In parts (b) and (c) W, is the work done just 


lot 


; : ; j ke? 
IDENTIFY: The electric force between the electron and proton is attractive and has magnitude F =—_. For 
r 


2 

; , sot e 
circular motion the acceleration is a,,, = vir. U=-k—. 

r 


SETUP: e=1.60x10" C. leV=1.60x10°" J. 


m? ke ke’ 
=— and v=,/—. 
r r mr 
2 
OYE oe eas $ ly 
2 2 


EXECUTE: (a) 
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23.55. 


23.56. 


23.57. 


23.58. 


1 1 ke? 1 k(1.60x10" C) 
e E po a a) 
2 Deon 2 5.29x10' m 
EVALUATE: The total energy is negative, so the electron is bound to the proton. Work must be done on the 
electron to take it far from the proton. 
IDENTIFY and SETUP: Calculate the components of E from Eq.(23.19). Eq.(21.3) gives F from E. 
EXECUTE: (a) V =Cx*”? 


=-2.17 x10" J=-13.6eV. 


C =V / xf’ =240 V /(13.0x10° m)? =7.85x10* V/m*” 


(b) E, = <- to (1.05x10° V/m*"*)x'? 
IX 


The minus sign means that E, is in the —x -direction, which says that E points from the positive anode toward the 


negative cathode. 
(©) F =qE so F, =—eE, =4eCx'” 
Halfway between the electrodes means x =6.50x10° m. 
F, =4(1.602 x10” C)(7.85x10* V/m**)(6.50x 10° m)'* =3.13x10°" N 
F, is positive, so the force is directed toward the positive anode. 


EVALUATE: V depends only on x, so E, = E, =0. E is directed from high potential (anode) to low potential 


(cathode). The electron has negative charge, so the force on it is directed opposite to the electric field. 

IDENTIFY: At each point (a and 5), the potential is the sum of the potentials due to both spheres. The voltmeter 
reads the difference between these two potentials. The spheres behave like a point-charges since the meter is 
connected to the surface of each one. 

SET Up: (a) Call a the point on the surface of one sphere and b the point on the surface of the other sphere, call r 
the radius of each sphere, and call d the center-to-center distance between the spheres. The potential difference V,,, 
between points a and b is then 


ee ee pe es ee E - Z4(F | 
mee Wa 4nme,| r d-r \r d-r 4ne,\d-r r 


EXECUTE: Substituting the numbers gives 


1 1 
0.750m 0.250 m 


V,- Va = 2(175 uC)(9.00x10° Nme?) ) =-8.40 x 10°V 
The meter reads 8.40 MV. 
(b) Since V, — V, is negative, V, > Vp, so point a is at the higher potential. 
EVALUATE: An easy way to see that the potential at a is higher than the potential at b is that it would take positive 
work to move a positive test charge from b to a since this charge would be attracted by the negative sphere and 
repelled by the positive sphere. 
IDENTIFY: U Bee 
P 
SETUP: Eight charges means there are 8(8 —1)/2 = 28 pairs. There are 12 pairs of q and —q separated by d, 12 


pairs of equal charges separated by V2d and 4 pairs of q and —q separated by Bad. 
12 12 4 J= var DENE. 
d J2d Bd d | y2 33 


EVALUATE: (b) The fact that the electric potential energy is less than zero means that it is energetically favorable 
for the crystal ions to be together. 


EXECUTE: (a) u =e | J- 1.46q7/ze,d 


IDENTIFY: For two small spheres, U = 


kada . For part (b) apply conservation of energy. 
P 


SETUP: Let q, =2.00 wCand q, = -3.50 uC . Let r, =0.250 mand r, > œ. 
(8.99 x10” N-m*/C*)(2.00x10°° C)(-3.50x10 C) _ 


0.250 m 
(b) K,=0. U,=0. U, =-0.252J. K,+U,=K,+U, gives K, =0.252J. K, =}mv7, so 


pE p=- 20.292 D E 
m 1.50x10~ kg 


EXECUTE: (a) U= 0.252 J 
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EVALUATE: As the sphere moves away, the attractive electrical force exerted by the other sphere does negative 
work and removes all the kinetic energy it initially had. Note that it doesn’t matter which sphere is held fixed and 
which is shot away; the answer to part (b) is unaffected. 

23.59. (a) IDENTIFY: Use Eq.(23.10) for the electron and each proton. 
SET Up: The positions of the particles are shown in Figure 23.59a. 


———— r=(1.07x10™ m)/2=0.535x10™ m 
Figure 23.59a 


EXECUTE: The potential energy of interaction of the electron with each proton is 
1 (=e) 


-4TG r 


, So the total potential energy is 


2e? — 2(8.988x10° N-m’/C?)(1.60x 10°? C) _ 


S ; = 8.60x10" J 
TEF .535x10 m 


U= 


U =-8.60x107'8 J(1 eV/1.602 x10" J) =-53.7 eV 


EVALUATE: The electron and proton have charges of opposite signs, so the potential energy of the system is 
negative. 
(b) IDENTIFY and SET Up: The positions of the protons and points a and b are shown in Figure 23.59b. 


3, fd 2 
y=ar +d 


r, =r =0.535 x10" m 


Figure 23.59b 


Apply K, +U, +W, 


other 


=K,+U, with point a midway between the protons and point b where the electron 
instantaneously has v=0 (at its maximum displacement d from point a). 

EXECUTE: Only the Coulomb force does work, so =0. 

U, =-8.60x10°'* J (from part (a)) 

K, =4mv’ =+(9.109 x10! kg)(1.50 x 10° m/s)” =1.025 x10" J 

K,=0 

U, =—2ke’/r, 

Then U, =K,+U, —K, =1.025x10"* J-8.60x 10" J =-7.575x10°8 J. 

2ke? —-2(8.988 x 10” N-m’/C”)(1.60 x10" Cy’ 
-7.575x10™ J 


other 


=6.075x107' m 


= 


Then d= 72-1? = f(6.075x10"" m}? —(5.35x10" m)? =2.88x10™ m. 
EVALUATE: The force on the electron pulls it back toward the midpoint. The transverse distance the electron 
moves is about 0.27 times the separation of the protons. 
23.60. IDENTIFY: Apply ya =0 and XF, =0 to the sphere. The electric force on the sphere is F, = qE . The 
potential difference between the plates is V = Ed . 
SETUP: The free-body diagram for the sphere is given in Figure 23.56. 
EXECUTE: TcosO=mg and Tsin@=F, gives F, =mgtan0 = (1.50 x10° kg)(9.80 m/s’)tan(30°) =0.0085N. 
Fd _ (0.0085 N)(0.0500 m) 


=478V. 
q 8.90x10°C 


F, =q- and V = 
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23.62. 


23.63. 


EVALUATE: EF =V/d =956 V/m. E=o/e,and o = Ee, =8.46x10° C/m’. 


D 


mg 


Figure 23.60 


(a) IDENTIFY: The potential at any point is the sum of the potentials due to each of the two charged conductors. 
SETUP: From Example 23.10, for a conducting cylinder with charge per unit length 4 the potential outside the 


cylinder is given by V =(A/2ze,)In(% /r) where r is the distance from the cylinder axis and y is the distance from 


the axis for which we take V = 0. Inside the cylinder the potential has the same value as on the cylinder surface. The 
electric field is the same for a solid conducting cylinder or for a hollow conducting tube so this expression for V 
applies to both. This problem says to take 7, =b. 


EXECUTE: For the hollow tube of radius b and charge per unit length —2: outside V =—(A/27,)In(b/r); inside 
V =0 since V =0 at r =b. 
For the metal cylinder of radius a and charge per unit length 4: 
outside V =(A/2ze,)In(b/r), inside V = (4/276 )ln(b/a), the value at r =a. 
(i) r <a; inside both V = (4/276 )ln(b/a) 
(ii) a<r <b; outside cylinder, inside tube V = (A/2z,)In(b/r) 
(iii) r >b; outside both the potentials are equal in magnitude and opposite in sign so V = 0. 
(b) For r =a, V, =(4/27m6)ln(b/a). 
For r =b, V, =0. 
Thus Vp =V, —V, =(4/27m)ln(b/a). 
(c) IDENTIFY and SETUP: Use Eq.(23.23) to calculate E. 
EXECUTE: E= E Ee n>) = 2 Bi 2 | Va L. 
Or  2mreôêr \r 2re\ bA r°) n(b/a)r 
(d) The electric field between the cylinders is due only to the inner cylinder, so V,, is not changed, 
V p =(A/27¢,) In(b/a). 


EVALUATE: The electric field is not uniform between the cylinders, so V,, # E(b — a). 


Va 1 


IDENTIFY: The wire and hollow cylinder form coaxial cylinders. Problem 23.61 gives E(r) = none 
n(b/a) r 


SETUP: a=145x10° m, b=0.0180 m. 


EXECUTE: E=- a = and V,, = Eln(b/a)r = (2.00 x10* N/C)(In(0.018 m/145 x10 m))0.012 m=1157 V. 
ni a)r 


EVALUATE: The electric field at any r is directly proportional to the potential difference between the wire and the 
cylinder. 


IDENTIFY and SETUP: Use Eq.(21.3) to calculate F and then F = mā gives ā. 
EXECUTE: (a) F, =qE. Since g=~e is negative F, and E are in opposite directions; E is upward so F, is 
downward. The magnitude of F, is 
F, =|q|E = eE = (1.602 x10°” C)(1.10x10° N/C) =1.76x10™ N. 
(b) Calculate the acceleration of the electron produced by the electric force: 


_F 176x10" N 
m 9.109x10™ kg 


=1.93x10"* m/s? 


EVALUATE: This is much larger than g =9.80 m/s’, so the gravity force on the electron can be neglected. F, is 


downward, so a is downward. 
(c) IDENTIFY and SET Up: The acceleration is constant and downward, so the motion is like that of a projectile. 
Use the horizontal motion to find the time and then use the time to find the vertical displacement. 
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EXECUTE: x-component 

Vox = 6.50105 m/s; a, =0; x—x) =0.060 m; t=? 
X—Xo =V),t+4a,t° and the a, term is zero, so 
_x-xX, (0.060 m 

Vo 6.50x10° m/s 


x 


y-component 
Voy =0; a, =1.93x10" m/s’; t=9.231x10° m/s; y-y, =? 


t =9,231x10° s 


Y-Y =Vyt + lat 
Y- Ya =4(1.93x10* m/s?)(9.231x10° s)? = 0.00822 m = 0.822 cm 
(d) The velocity and its components as the electron leaves the plates are sketched in Figure 23.63. 


V, =V, = 6.50x10° m/s (since a, =0) 


i V, = Voy +4,t 
»| = |v, =0+(1.93x10" m/s?)(9.231x10° s) 


” v, =1.782x 10° m/s 
Figure 23.63 


v, _ 1.782x10° m/s 


x 
v, 6.50x10° m/s 
EVALUATE: The greater the electric field or the smaller the initial speed the greater the downward deflection. 
(e) IDENTIFY and SET Up: Consider the motion of the electron after it leaves the region between the plates. 
Outside the plates there is no electric field, so a =0. (Gravity can still be neglected since the electron is traveling at 
such high speed and the times are small.) Use the horizontal motion to find the time it takes the electron to travel 
0.120 m horizontally to the screen. From this time find the distance downward that the electron travels. 
EXECUTE: x-component 

Vp, = 6.50x10° m/s; a, =0; x-x,=0.120 m; t=? 

X—X)=V),t+4a,t° and the a, term is term is zero, so 

pot 0.120 m 
Vy,  6.5010° m/s 


x 


y-component 
V, =1.782 x 10° m/s (from part (b)); a, =0; 1=1.846 x10 m/s; y- =? 


Y-Y =Voyt + 4a,t = (1.782 x10° m/s)(1.846x 10% s) = 0.0329 m = 3.29 cm 


EVALUATE: The electron travels downward a distance 0.822 cm while it is between the plates and a distance 
3.29 cm while traveling from the edge of the plates to the screen. The total downward deflection is 
0.822 cm +3.29 cm = 4.11 cm. 
The horizontal distance between the plates is half the horizontal distance the electron travels after it leaves the 
plates. And the vertical velocity of the electron increases as it travels between the plates, so it makes sense for it to 
have greater downward displacement during the motion after it leaves the plates. 

23.64. IDENTIFY: The charge on the plates and the electric field between them depend on the potential difference across the 
plates. Since we do not know the numerical potential, we shall call this potential V and find the answers in terms of V. 


(a) SETUP: For two parallel plates, the potential difference between them is V = Ed = od= x : 
& & 


=0.2742 so a =15.3°. 


tana = 


=1.846x10° s 


EXECUTE: Solving for Q gives 
QO =6,AV/d =(8.85 x 10° C7/N - m’)(0.030 m)*V/(0.0050 m) 


Q=1.59V x 10° C = 1.59V pC, when Y is in volts. 
(b) E = V/d = V/(0.0050 m) = 200V V/m, with V in volts. 
(c) SET Up: Energy conservation gives tm’ =eV. 
EXECUTE: Solving for v gives 


2(1.60x10°" C)V 
ae j2eV _ ( = =5.93x10°V'” m/s, with V in volts 
m 9.11x10~ kg 


EVALUATE: Typical voltages in student laboratory work run up to around 25 V, so the charge on the plates is typically 
about around 40 pC, the electric field is about 5000 V/m, and the electron speed would be about 3 million m/s. 
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23.65. (a) IDENTIFY and SETUP: Problem 23.61 derived that E = OES where a is the radius of the inner cylinder 
n(b/a)r 
(wire) and b is the radius of the outer hollow cylinder. The potential difference between the two cylinders is V,,. 
Use this expression to calculate E at the specified r. 
EXECUTE: Midway between the wire and the cylinder wall is at a radius of 
r = (a +b)/2 =(90.0x10° m+0.140 m)/2 = 0.07004 m. 
3 
Sets Sel 2 =9.71x10* V/m 
ln(b/a)r ln(0.140 m/90.0x10° m)(0.07004 m) 
(b) IDENTIFY and SETUP: The electric force is given by Eq.(21.3). Set this equal to ten times the weight of the 
particle and solve for lq , the magnitude of the charge on the particle. 
EXECUTE: F, =10mg 
0x10” .80 m/s? 
\q|E=10mg and lal _ 10mg _10(30.0x10 kg 80 m/s’) =3.03x10"C 
E 9.7110" V/m 
EVALUATE: It requires only this modest net charge for the electric force to be much larger than the weight. 
23.66. (a) IDENTIFY: Calculate the potential due to each thin ring and integrate over the disk to find the potential. V is a 
scalar so no components are involved. 
SETUP: Consider a thin ring of radius y and width dy. The ring has area 27 ydy so the charge on the ring is 
dq =o(2zydy). 
EXECUTE: The result of Example 23.11 then says that the potential due to this thin ring at the point on the axis at a 
distance x from the ring is 
1 d 2 
dv = q _ _ 2m0 _ ydy 
Are, yx ie y Are, Je i y 
R 
v=ĵfar-=Z j" ydy -2| JP +y ] =Z We +R x) 
2&7? Je 4 y 26 0 26, 
EVALUATE: For xœ R this result should reduce to the potential of a point charge with Q = o7R’. 
Vx? +R? = x(1+ R? © x(1+ R?/2x") so Vx? +R? -xax R?/2x 
2 2 
Then V = o RE SOR: 2 O , as expected. 
26, 2x 4re&x Amex 
(b) IDENTIFY and SETUP: Use Eq.(23.19) to calculate E. 
an Gat aor al x J-l 1 | 
* Ox 26 | yR 2q\ x Vx? +R? 
EVALUATE: Our result agrees with Eq.(21.11) in Example 21.12. 
23.67. (a) IDENTIFY: Use V,—V, = f'E -dl. 


SET Up: From Problem 22.48, E(r)= for r < R (inside the cylindrical charge distribution) and 


2m6,R° 


E(r)= Ar 


for r > R. Let V =0 at r=R (at the surface of the cylinder). 
2T 


EXECUTE: r>R 
Take point a to be at R and point b to be at r, where r >R. Let dl = dr. E and dř are both radially outward, so 


E -dř = Edr. Thus Vr -V, = fE dr. Then V, =0 gives V, = -f Ear. In this interval (r >R), E(r)=A/27 er, so 


r À A perdr A r 
Vi= dr = = In ; 
i P 2Ter : 27€, F r 27, | ) 


EVALUATE: This expression gives V, =0 when r= R and the potential decreases (becomes a negative number of 
larger magnitude) with increasing distance from the cylinder. 
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23.68. 


23.69. 


23.70. 


EXECUTE: r<R 
Take point a at r, where r< R, and point b at R. E -dř = Edr as before. Thus V, —V, = Í " Edr. Then Vg =0 gives 


r 


Vi= Í "Edr. In this interval (r < R), E(r)=Ar/2me,R°, so 
A Aà [RP r 
v, =f" 2 zdr = -f| rair =~. gees 
r 27e,R 2me,R*" 2meR\ 2 2 


ala] 


EVALUATE: This expression also gives V, =0 when r= R. The potential is 2/4ze, at r=0 and decreases with 


r 


increasing r. 
(b) EXECUTE: Graphs of V and £E as functions ofr are sketched in Figure 23.67. 
V 


pe 
ATE R 2R 3R 


_Àln2 

ITEN 
_Aln3 

27 EQ 

Figure 23.67 

EVALUATE: Z at any r is the negative of the slope of V(r) at that r (Eq.23.23). 
IDENTIFY: The alpha particles start out with kinetic energy and wind up with electrical potential energy at closest 
approach to the nucleus. 
SETUP: (a) The energy of the system is conserved, with U =(1/4ze,)(qq,/r) being the electric potential energy. 


With the charge of the alpha particle being 2e and that of the gold nucleus being Ze, we have 
1 5, 1 2Ze 


2” Ane, R 


EXECUTE: Solving for v and using Z = 79 for gold gives 


=4.4 x 10’ m/s 


1 k (9.00x10° N -m?/C?)(4)(79)(1.60x10" C} 
v= = 


4re, } mR (6.7107 kg)(5.6x10™ m) 


We have neglected any relativistic effects. 

(b) Outside the atom, it is neutral. Inside the atom, we can model the 79 electrons as a uniform spherical shell, which 
produces no electric field inside of itself, so the only electric field is that of the nucleus. 

EVALUATE: Neglecting relativistic effects was not such a good idea since the speed in part (a) is over 10% the 
speed of light. Modeling 79 electrons as a uniform spherical shell is reasonable, but we would not want to do this 
with small atoms. 


IDENTIFY: V,-V,= Í "Edi . 


1 Ox 
47, (x +a’) 


SETUP: From Example 21.10, we have: E, = Wr E -dl = E dx .Let a=% so V,=0. 


u=x? +a” 


QF x ' Q an 1 Q 
V = dx = u =. SE 
Are, J (x? ay” Are, Ne Are, fx 4a 
EVALUATE: Our result agrees with Eq.(23.16) in Example 23.11. 
IDENTIFY: Divide the rod into infinitesimal segments with charge dq. The potential dV due to the segment is 


EXECUTE: 


dV = ea . Integrate over the rod to find the total potential. 
Ane, r 


SETUP: dq =Adl,with 2=Q/zaand dl =a d0. 
1 dq_ 1 Adi 1 Qd 1 Qd y- 1 ņ0d0 1 Q 


EXECUTE: dV = = = .V = = . 
4ra r 406, a 426,m7aa 46, ma 4reg ma 4nga 
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EVALUATE: All the charge of the ring is the same distance a from the center of curvature. 
23.71. IDENTIFY: We must integrate to find the total energy because the energy to bring in more charge depends on the 
charge already present. 
SET Up: If pis the uniform volume charge density, the charge of a spherical shell or radius r and thickness dr is dq 
= p4nr’ dr, and p= Q/(4/3 R°). The charge already present in a sphere of radius r is q = (4/3 mr’). The energy to 
bring the charge dq to the surface of the charge q is Vdq, where V is the potential due to q, which is q/4ze,r. 
EXECUTE: The total energy to assemble the entire sphere of radius R and charge Q is sum (integral) of the tiny 
increments of energy. 
pine’ 
a a cep 
U = vag = [aq =|‘ 3 —(pazr'ar)=3| + © 
4rer ° 4Arer 5\ 476, R 
where we have substituted p = Q/(4/3 R°) and simplified the result. 
EVALUATE: Fora point-charge, R > 0 so U > œ, which means that a point-charge should have infinite self- 
energy. This suggests that either point-charges are impossible, or that our present treatment of physics is not 
adequate at the extremely small scale, or both. 
23.72. IDENTIFY: V,—V,= f'E -dl . The electric field is radially outward, so E -dI =E dr. 
SETUP: Let a=%,s0o V,=0. 
EXECUTE: From Example 22.9, we have the following. For r > R: E= KO and V= -kQ| a = sed ; 
r r r 
R r r r 2 2 
For r<R: B= 2 and V = JE -a [E ar =*2 8 ray = AL kQ lp -42 H kQ kor =f 3 = : 
R , R R} R R2 |, R 2R 2R 2R| R 
(b) The graphs of V and E versus r are sketched in Figure 23.72. 
EVALUATE: For r< R the potential depends on the electric field in the region r to œ. 
V E 
1 L r fi Lp 
R 3R R 3R 
Figure 23.72 
23.73. IDENTIFY: Problem 23.70 shows that V, = Q (3-r°/R°) for r<R and V, = g for r2R. 
ER TEF 
SETUP: V= 32 „Vr = Q 
87e,R Ane,R 
EXECUTE: (a) V,-V,= _o 
87e,R 
(b) If O>0, Vis higher at the center. If Q <0, Vis higher at the surface. 
EVALUATE: For Q > 0 the electric field is radially outward, E is directed toward lower potential, so V is higher at 
the center. If Q <0 , the electric field is directed radially inward and V is higher at the surface. 
23.74. IDENTIFY: For r<c,£ =0 and the potential is constant. For r >c , E is the same as for a point charge and V = kq ; 
r 


SETUP: V, =0 

EXECUTE: (a) Points a,b,andc are all at the same potential, so V,- V, =V,- V, =V,-V,=0. 

y y -%4 _ 8.99 x10 N -m?/C’)(150x10 C) 
© ? R 0.60 m 


(b) They are all at the same potential. 
(c) Only V, —V,, would change; it would be —2.25 x 10° V. 


=2.25x10° V 
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23.75. 


23.76. 


23.77. 


23.78. 


EVALUATE: The voltmeter reads the potential difference between the two points to which it is connected. 
IDENTIFY and SETUP: Apply F. =—dU/dr and Newton's third law. 


EXECUTE: (a) The electrical potential energy for a spherical shell with uniform surface charge density and a point 
charge q outside the shell is the same as if the shell is replaced by a point charge at its center. Since F. =—dU/dr, 


this means the force the shell exerts on the point charge is the same as if the shell were replaced by a point charge at 
its center. But by Newton’s 3™ law, the force q exerts on the shell is the same as if the shell were a point charge. But 


q can be replaced by a spherical shell with uniform surface charge and the force is the same, so the force between the 


shells is the same as if they were both replaced by point charges at their centers. And since the force is the same as for 
point charges, the electrical potential energy for the pair of spheres is the same as for a pair of point charges. 

(b) The potential for solid insulating spheres with uniform charge density is the same outside of the sphere as for a 
spherical shell, so the same result holds. 

(c) The result doesn’t hold for conducting spheres or shells because when two charged conductors are brought close 
together, the forces between them causes the charges to redistribute and the charges are no longer distributed 
uniformly over the surfaces. 


: ; ki 
EVALUATE: For the insulating shells or spheres, F = paal and U =AL where q, and q, are the charges of 
r r 

the objects and r is the distance between their centers. 

IDENTIFY: Apply Newton's second law to calculate the acceleration. Apply conservation of energy and 

conservation of momentum to the motions of the spheres. 

CKA kao 
r? 


SETUP: Problem 23.75 shows that F = k and U = -== , where q, and q, are the charges of the objects and 
r 


r is the distance between their centers. 
EXECUTE: Maximum speed occurs when the spheres are very far apart. Energy conservation gives 


Fld = T movi H si Momentum conservation gives mMVso = 159,59 ANd Vso = 3V,59. 7 =0.50 m. Solve for vo 
and Vis: V; =12.7 m/s, Vis = 4.24 m/s . Maximum acceleration occurs just after spheres are released. X} F = ma 
_ ki 9x10°N-m?/C*)(10° C)(3x 10° C 
gives Mii Mj sođliso - Qx gaS 5 NOx ya (0.15 kg) ays. so = 72.0 m/s’ and 
r (0.50 m) 


Asp = 34,5) = 216 m/s° . 

EVALUATE: The more massive sphere has a smaller acceleration and a smaller final speed. 
IDENTIFY: Use Eq.(23.17) to calculate V,,. 

SET Up: From Problem 22.43, for R<r<2R (between the sphere and the shell) E =Q/47,r’ 
Take a at R and b at 2R. 


d if ee 
EXECUTE: Va =V, -V= J Bdr= 2 i Fag | | -2 ( 
TE 


7 RY Amel rip 4e,\R 2R 
n=- 
87e,R 


EVALUATE: The electric field is radially outward and points in the direction of decreasing potential, so the sphere 
is at higher potential than the shell. 


IDENTIFY: V,—V,= Í 'E.dĪ 

SETUP: E is radially outward, so E -dl = E dr . Problem 22.42 shows that E(r) =0 for rsa, E(r)=kq/r° for 
a<r<b, E(r)=0 for b<r<cand E(r)=kq/r° for r>c. 

kq 

= 


ğ 


tk 
EXECUTE: (a) At r=c: V,= Í 1 ar = 
r 


(b) At r=b: V,=-[E-dr [E= 


(c) At r=a: V, = [Ea fE- jE" kal Se -u +2 


(d) At r=0: V= ka] | since it is inside a metal sphere, and thus at the same potential as its surface. 
c a 
A ai f 1 1 
EVALUATE: The potential difference between the two conductors is V, —V, = kq| —- ral 
a 
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23.79. 


IDENTIFY: Slice the rod into thin slices and use Eq.(23.14) to calculate the potential due to each slice. Integrate 
over the length of the rod to find the total potential at each point. 
(a) SETUP: An infinitesimal slice of the rod and its distance from point P are shown in Figure 23.79a. 


Figure 23.79a 
Use coordinates with the origin at the left-hand end of the rod and one axis along the rod. Call the axes x’ and y' so 


as not to confuse them with the distance x given in the problem. 
EXECUTE: Slice the charged rod up into thin slices of width dx’. Each slice has charge dQ = O(dx'/a) and a 


distance r=x+a-—vx' from point P. The potential at P due to the small slice dQ is 


eee E 
4re,\ r Ane, a\x+a-x') 


Compute the total V at P due to the entire rod by integrating dV over the length of the rod (x’=0 to x'=a): 


ik Z =e [-ln(x +a- x')]§ = Q in *4) 


ie x) Amea Area x 


V -fav =£ oP 


EVALUATE: As x>0, V > Q m(ž)=o. 
Area x 


(b) SET Up: An infinitesimal slice of the rod and its distance from point R are shown in Figure 23.79b. 


' 
y 


7 7 
x C ioe 


Figure 23.79b 


dQ =(Q/a)dx' as in part (a) 


Each slice dQ is a distance r =4/y° +(a—x') from point R. 


EXECUTE: The potential dV at R due to the small slice dQ is 


Fie 1 (2)- 1 Q dx' 
476, Ame, a Jy? ii. 
V=|dV= 
J al Vy t+(a-x’) 


f 


In the integral make the change of variable u =a -x', du = -dx 


trag = a we 4nea =| Ine Hye] 
V= Q [In y -In(a + jy +a) Q pfe) 
Area trek 


y 


(The expression for the integral was found in appendix B.) 


EVALUATE: As yoo, V > Q In| ~|=0 
4ra \y 
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23.80. 


23.81. 


23.82. 


(c) SETUP: part (a): V = Q „(=)= Q in +4} 


Area x Area x 


From Appendix B, In(l1+u)=u—u?/2...,s0 In(l+a/x)=a/x—a’?/2x’ and this becomes a/x when x is large. 


EXECUTE: Thus V > Q (2)- Q . For large x, V becomes the potential of a point charge. 
x 


Area Area 
2 2 2 
part (): V=—2_|n| S42 EE 1) 8 nl Sa fg Z| 
Area y 4nea |y y 


From Appendix B, 41+a°/ y? =(l+a’/y’)'? =1+a°/2y?° +... 
Thus a/y+Jl+a’/y? >l+a/yt+a’/2y’>+...>1+a/y. And then using Ind +u) xu gives 


pipe! nia Woe | Slee 
Area A4nea\y) Amey 


EVALUATE: For large y, V becomes the potential of a point charge. 


: : ; k 
IDENTIFY: The potential at the surface of a uniformly charged sphere is V = £ . 


4 i ; 
SETUP: Fora sphere, V = a . When the raindrops merge, the total charge and volume is conserved. 


kO _ k(-1.20x10"" C) _ 


16.6V. 
R 6.50x107* m 


EXECUTE: (a) V= 


(b) The volume doubles, so the radius increases by the cube root of two: Rew = 3/2 R=8.19x 107 m and the new 


i aka k k(-2.40 x10"? 
charge is Q „„ = 20 =-—2.40 x10" C. The new potential is V,,,, = Ores = ( = 3 ©) =-264V. 
R 8.19x10~ m 


new 


EVALUATE: The charge doubles but the radius also increases and the potential at the surface increases by only a 


factor of aa = 975. 
2 


(a) IDENTIFY and SETUP: The potential at the surface of a charged conducting sphere is given by Example 23.8: 


V= Lg For spheres A and B this gives 
Are, R 
V= Q, and V, = Q, . 
A4re,R, 4re Rp 
EXECUTE: V, =V, gives Q,/4me R; =0,/4m&R, and Q,/Q,=R,/R,. And then R,=3R, implies 
Q,/0,=1/3. 


(b) IDENTIFY and SETUP: The electric field at the surface of a charged conducting sphere is given in 
Example 22.5: 


PER 
4T R? 
EXECUTE: For spheres 4 and B this gives 
= |24 and E. = 12, 
| Are,R? ° Are,R; 
E, |O,| V 47e,R? : i 
g =|Q,/ R,/R,) = (1/3)(3)° =3. 
E, [ee lo. (03/2 4| R/R} = (1/3)(3) 


EVALUATE: The sphere with the larger radius needs more net charge to produce the same potential. We can write 
E=V/R Žfor a sphere, so with equal potentials the sphere with the smaller R has the larger V. 


IDENTIFY: Apply conservation of energy, K, +U, =K, +U,. 

SETUP: Assume the particles initially are far apart, so U, = 0, The alpha particle has zero speed at the distance of 
closest approach, so K,=0. 1 eV =1.60x10™ J. The alpha particle has charge +2e and the lead nucleus has 
charge +82e. 
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23.83. 


23.84, 


23.85. 


EXECUTE: Set the alpha particle’s kinetic energy equal to its potential energy: K, =U, gives 
k(2e)(82e) aiye k(164)(1.60 x10 ©)? 

r (11.0x10° eV)(1.60x10"” J/eV) 
EVALUATE: The calculation assumes that at the distance of closest approach the alpha particle is outside the radius 
of the lead nucleus. 

IDENTIFY and SETUP: The potential at the surface is given by Example 23.8 and the electric field at the surface is 


given by Example 22.5. The charge initially on sphere 1 spreads between the two spheres such as to bring them to 
the same potential. 


11.0 MeV = =2.15x10"“ m. 


EXECUTE: (a) E = l Q V= 1 Q =RE, 
Are, Ri Ane, R 


(b) Two conditions must be met: 
1) Let g,and q, be the final potentials of each sphere. Then q, +q, =Q, (charge conservation) 


2) Let V, and V; be the final potentials of each sphere. All points of a conductor are at the same potential, so V, =V;. 


; 1 1 
V, =V, requires that —_ fi. Ta and then q,/ R =q,/R, 


4ra R, Ame, R 
GR, = DR, =(Q,- gy )R, 
This gives q, =(R,/[R, + R,])Q, and q, =Q, -q, =Q(0-R,/[R, +R,])=O(R, /[R, +R,]) 
1 1 
(9 v,-1 %-_ 2 wid ooo ie — 
Are, R  476,(R,+R,) Ane, R, 47e,(R,+R,) 
(d) E, = M = Q, E, = V, = Q, f 
R, 476 R(R, +R) R,  476,R,(R, +R) 
EVALUATE: Part (a) says q, =q,(R,/R,). The sphere with the larger radius needs more charge to produce the 


, which equals V, as it should. 


same potential at its surface. When R,=R,, q, =q, =Q,/2. The sphere with the larger radius has the smaller 
electric field at its surface. 


IDENTIFY: Apply V, -V, = f'E -dI 
4 
SETUP: From Problem 22.57, for r>R, E 22 .Forr<R, E= KQ jatar], 
r r 


z kQ 


>V = j2 dr' = g 


2 3 3 3 2 
and y | Ear jew M2) Di pes rez pee 2l; 


EXECUTE: (a) r2>R: E= 


, which is the potential of a point charge. 


(b) r<R: e-ta- 
z 


2kO 


EVALUATE: Atr=R,V= man 


a . The electric field is radially outward and V increases as r 
decreases. 

IDENTIFY: Apply conservation of energy: E, = E, . 

SET Up: In the collision the initial kinetic energy of the two particles is converted into potential energy at the 
distance of closest approach. 


EXECUTE: (a) The two protons must approach to a distance of 27, , where r, is the radius of a proton. 
2 -19 2 
E, =E, gives 2 da v ae and v= eee ©) = =7.58x10° m/s. 
2? 2(1.2x10~° m)(1.67 x10% kg) 


(b) For a helium-helium collision, the charges and masses change from (a) and 


P 


-19 2 
v= ROEM o) =— =7.2610° m/s. 
(3.5x 107 m)(2.99)(1.67 x10” kg) 
2 2 -27 6 2 
ð g-t m p My _ (167x10 kg}(7.58%10 m/s) -23x10 K 
ae a S 3(1.38x10” J/K) 


myy? _ (2.99)(1.67 x10” kg)(7.26 x 10° m/s)’ 


He z =6.4x10° K 
3k 3(1.38x10” J/K) 
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(d) These calculations were based on the particles’ average speed. The distribution of speeds ensures that there are 
always a certain percentage with a speed greater than the average speed, and these particles can undergo the 
necessary reactions in the sun’s core. 

EVALUATE: The kinetic energies required for fusion correspond to very high temperatures. 


IDENTIFY and SETUP: Apply Eq.(23.20). Ww V,-V,and V, -V,= Í "Bal. 


do 


2Axi +64yj — 2 Azk 


EXECUTE: (a) E = Xi ae gare 
IX 


Oz 


0 0 
(b) A charge is moved in along the z-axis. The work done is given by W = af E -kdz = af (—2.Az)dz = +(Aq)z; . 
-5 
Therefore, A= Was = os ue 5 
qz (1.5x 10 C)(0.250 m) 

(c) E(0,0,0.250) = -2(640 V/m2)(0.250 m)k = —(320 V/m)k . 

(d) In every plane parallel to the xz-plane, y is constant, so V (x,y,z) = Ax? + Az? —C , where C =34y’. 
X+ = ARS 

A 

those planes. 


=640 V/m’. 


= R? , which is the equation for a circle since R is constant as long as we have constant potential on 


» _ 1280 V +3(640 V/m°)(2.00 m)? 


=14.0 m’ and the radius of the circle 
640 V/m 


(e) V =1280 V and y=2.00 m ,so x? +z 


is 3.74 m. 


EVALUATE: In any plane parallel to the xz-plane, E projected onto the plane is radial and hence perpendicular to 
the equipotential circles. 

IDENTIFY: Apply conservation of energy to the motion of the daughter nuclei. 

SETUP: Problem 23.73 shows that the electrical potential energy of the two nuclei is the same as if all their charge 
was concentrated at their centers. 

EXECUTE: (a) The two daughter nuclei have half the volume of the original uranium nucleus, so their radii are 


74x10 m 
4/9: 


=4.14x10'"' J. U =2K , where K is the final kinetic energy of each 


smaller by a factor of the cube root of 2: r= =5.9x10" m. 


k(46e)” _ k(46) (1.60 x 10° C)? 
2r 1.18x10™ m 
nucleus. K =U/2=(4.14x10™ J)/2 =2.07x10" J. 


(b) U = 


10.0 kg 
(236 u)(1.66x10” kg/u) 
And each releases energy U, so E =nU = (2.55 x10%)(4.14x10™ J) =1.06x10'° J = 253 kilotons of TNT . 


(d) We could call an atomic bomb an “electric” bomb since the electric potential energy provides the kinetic energy 
of the particles. 

EVALUATE: This simple model considers only the electrical force between the daughter nuclei and neglects the 
nuclear force. 


(c) If we have 10.0 kg of uranium, then the number of nuclei is n = =2.55x10” nuclei . 


IDENTIFY and SETUP: In part (a) apply E = -Z . In part (b) apply Gauss's law. 
r 


2 2) 2 
EXECUTE: (a)For r<a, E=- =-4 l 6+6 -eez Z |For rza, 2-0, E has 


or 186 a d| Bee a or 
only a radial component because V depends only on r. 
2 
(b) For r <a , Gauss's law gives E,4ar° = Q, = op = z Arr’ and 
& &|4 a 
2 
E, „4n(r? +2rdr) = Qor a $ ENG ane + 2rdr) . Therefore, 
5 &| a a 


2 2 
Q. 70, _ Plr)Aar’ dr _ pyadar “| 2 2 Zz | L ma p= 24) l-al- 
5 € 36 a a a 3 a 3a 
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(c) For rza, p(r)=0, so the total charge enclosed will be given by 


2 1; r rh 
Q= saf oor dr =47p, f | -4 e= DE oe =0 


0 
EVALUATE: Apply Gauss's law to a sphere of radius r >R . The result of part (c) says that O 


a =0,s0 E=0. 
This agrees with the result we calculated in part (a). 
IDENTIFY: Angular momentum and energy must be conserved. 


SETUP: At the distance of closest approach the speed is not zero. E =K +U . q, =2e, q, =82e. 


EXECUTE: mv,b=my,r,. E =E, gives E, = mv? + +h . E =11 MeV =1.76x107™° J. r, is the distance of 


h 


2 
closest approach. Substituting in for v, =v, B we find £ = £, ee + Kady : 
n n n 
(E)r; —(kqq,)r, - Eb’ =0 . For b=10°" m, r, =1.01x10" m. For b=10™" m, r, =1.11x10™" m. And for 
b=10 m, r, =2.54x10" m. 
EVALUATE: As b decreases the collision is closer to being head-on and the distance of closest approach decreases. 
Problem 23.82 shows that the distance of closest approach is 2.15x107™* m when b=0. 


IDENTIFY: Consider the potential due to an infinitesimal slice of the cylinder and integrate over the length of the 


cylinder to find the total potential. The electric field is along the axis of the tube and is given by E = -< 
x 


SETUP: Use the expression from Example 23.11 for the potential due to each infinitesimal slice. Let the slice be at 
coordinate z along the x-axis, relative to the center of the tube. 
EXECUTE: (a) For an infinitesimal slice of the finite cylinder, we have the potential 


k dO kO dz uta 
dV = = . Int t 
Corr 7 Jeane ntegrating gives 
_kQ A dz _kQ i: du 
L ipx- zy +R? L i- „vu? +R? 
y- in J(L/2- x}? +R? +(L/2-x) 
L ions 
b) For L<<R, T. „| y2- xy +R? +L/2-x ~ 2s, Vx? -xL +R? +L/2-x l 
5 (L/2+x} +R? -L/2-x| L |Nx?+xL+R -L/2-x 
yx 2m JA Zan (L/2-x)/VR? +x 1—xL/2(R? +x?) +(L/2-x)/ NR +x 
Jit xL/(R 4+) +(-L/2—») [VR +9 | N TREE -L/2-— r) 


v= 2n a Kaa -42 fe £ l pi 2 ji 
L |i-L/N R+] L NRP + NRP +o 


, which is the same as for a ring. 


where u = x —z. Therefore, 


| on the cylinder axis. 


o mo o k 
L ax? + R? Vx? +R? 

a xo(Ja 2x} +4R? - J(L4 2x) +4R° ) 

ax [L-2 +4R (L420)? +4R? 


EVALUATE: For L<<R the expression for E, reduces to that for a ring of charge, as given in Example 23.14. 


(© E, = 


IDENTIFY: When the oil drop is at rest, the upward force lq| E from the electric field equals the downward weight 


of the drop. When the drop is falling at its terminal speed, the upward viscous force equals the downward weight of 
the drop. 


: i ; 4 
SETUP: The volume of the drop is related to its radius r by V = Pii 


4r pr ‘gd 
3): Vip 


3 
EXECUTE: (a) F=mg="2 pg. F,= |q|E=|qVi,/d . F. =F, gives |q|= 


Electric Potential 23-33 


23.92. 


Arr’ 9nv 
b t 
(b) 


3 
3 Vis |\ 20g Vig \2p8 


10° m (es N -s/m?)?(1.00x10° m/39.3 s)° 


pg =6rnrv, gives r= . Using this result to replace r in the expression in part (a) gives 


(c) lq| =187 =4.80 x10" C =3e. The drop has acquired three 


9.16 V 2(824 kg /m°)(9.80 m/s”) 


excess electrons. 


=5.07x10"” m=0.507 um. 


gts 9(1.81x10° N-s/m7)(1.00x10~ m/39.3 s) 
2(824 kg/m*)(9.80 m/s”) 


Agr? 


EVALUATE: The weight of the drop is pg =4.4x10 N . The density of air at room temperature is 


1.2 kg/m’, so the buoyancy force is p „Vg =6.4x10"° N and can be neglected. 


my, + MV, 
IDENTIFY: Vv = — 


cm 


m +m, 


ki 
SETUP: E=K,+K,+U,, where y =R. 
5 


coe er ae (6x10° kg)(400m/s) + (3x10° kg)(1300 m/s) 
ic 6.0x10° kg +3.0x10° kg 


= 700 m/s 


b) Eu = ! mv? m v, 4 tiid m, +m,)v.,, . After expanding the center of mass velocity and collecting like 
3mm 2V2 ym 2)Vem p 8 


2 r 

1 ki 1 ke 
terms E = miMa [v +v -2v,v,]4 ah _ u —v) + CICE 

2m +m, r 2 r 

1 à k(2.0x10% C)(—5.0x10° C) 
c) E „ =—(2.0x10% kg)(900 m/s)’ + =-1.9J 
O Ba =5( g)(900 m/s) eS 
(d) Since the energy is less than zero, the system is “bound.” 
(e) The maximum separation is when the velocity is zero: —1.9 J = Kade gives 
F 


„ K2.0x 10% C)(-5.0x10° C) 
-1.9 J 
(£) Now using v, =400 m/s and v, =1800 m/s, we find E,,, =+9.6 J. The particles do escape, and the final relative 


ae QE. 2(9.6 J) 
velocity is |v, -v| = = = 
2.0x10” kg 
EVALUATE: For an isolated system the velocity of the center of mass is constant and the system must retain the 


kinetic energy associated with the motion of the center of mass. 


=0.047m. 


=980 m/s. 
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IDENTIFY: C= Q 


ab 
SETUP: 1yuF=10°F 
EXECUTE: Q=CV,, =(7.28x10° F)(25.0 V) =1.82x10* C =182 uC 
EVALUATE: One plate has charge +Q and the other has charge -Q. 


ae, c=2 and V =Ed . 


IDENTIFY and SETUP: C 


A 0.00122 m° 


a) Cre = 3.29 pF 
(@) C= 47 =% 9 00308 m p 
-8 
E E 
C 329x10” F 
a 
(9 E- -1210 ein V/m 
d 0.00328 m 


EVALUATE: The electric field is uniform between the plates, at points that aren't close to the edges. 
IDENTIFY and SET UP: Itis a parallel-plate air capacitor, so we can apply the equations of Sections 24.1. 


6 
EXECUTE: (a) C= Q 60 Vo = a E C = 604 V 
5 C 245x10” F 
A 245x107? F)(0.328x10” m 
(b) C= 94 agan l I = ) -9.08%10° m? =90.8 om? 
d P 8.854x10? C?/N-m 


0 
(c) V,,, = Ed so E = Vai 2. -804 Me 

d  0.328x10° m 
(d) E=2 so o= Eg, =(1.84x10° V/m)(8.854x107? C?/N-m*)=1.63x10° C/m? 


€ 


=1.84x10° V/m 


Q 0.148x10° C 
A 9.08x107 m? 


EVALUATE: We could also calculate o directly as Q/A. o =1.63x10°° C/m?, which checks. 


A 
IDENTIFY: C =e, T when there is air between the plates. 


SETUP: A=(3.0x10~ m)’ is the area of each plate. 
_ (8.854 x10" F/m)(3.0x10* m)? 


EXECUTE: C =1.59x10°" F=1.59 pF 


5.0x10° m 
EVALUATE: C increases when A increases and C increases when d decreases. 
6A 
IDENTIFY: C ews Ls a ; 


ab 
SETUP: When the capacitor is connected to the battery, V,, =12.0 V . 


EXECUTE: (a) Q=CV,, =(10.0x10° F)(12.0 V) =1.20x10* C=120 uC 
(b) When d is doubled C is halved, so Q is halved. Q=60 wC. 


(c) If r is doubled, A increases by a factor of 4. C increases by a factor of 4 and Q increases by a factor of 4. 

Q = 480 uC. 

EVALUATE: When the plates are moved apart, less charge on the plates is required to produce the same potential 
difference. With the separation of the plates constant, the electric field must remain constant to produce the same 
potential difference. The electric field depends on the surface charge density, o . To produce the same ø, more 
charge is required when the area increases. 
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24.6. IentiY: C=", c=®4. 
Vow d 
SET Up: When the capacitor is connected to the battery, enough charge flows onto the plates to make V,, =12.0 V. 


EXECUTE: (a) 12.0 V 
(b) (i) When d is doubled, C is halved. V,, -2 and Q is constant, so V doubles. V = 24.0 V . 


(ii) When r is doubled, A increases by a factor of 4. V decreases by a factor of 4 and V =3.0 V. 
EVALUATE: The electric field between the plates is E =Q/e,A. V = Ed . When d is doubled E is unchanged and 
V doubles. When A is increased by a factor of 4, E decreases by a factor of 4 so V decreases by a factor of 4. 

24.7. IDENTIFY: C= ae . Solve for d. 


SET Up: Estimate r=1.0cm. A=zr’. 


A grr’? _ €,(0.010 m)? 
7 so d= = 

C 1.00x10°" F 
EVALUATE: The separation between the pennies is nearly a factor of 10 smaller than the diameter of a penny, so it 
is a reasonable approximation to treat them as infinite sheets. 


Q 
ab 
SETUP: We want E =1.00x10* N/C when V =100 V. 
V» _ 1.00x10° V 

E 1.00x10f N/C 
_ Cd _ (5.00x10™™° F)(1.00x10° m) 

6 8.854x10" C?/(N-m’) 
(b) Q=CV,, =(5.00x10°* F)(1.00x10* V) =5.00x10™ C =500 pC 


EXECUTE: C= =2.8mm. 


24.8. INCREASE: C=—.V,=Ed.C= st, 


EXECUTE: (a) d= =1.00x10° m=1.00 cm. 


A =5.65x10° m°. A=ar’so r = [A = 424x107 m=4.24cm. 
1 


EVALUATE: C= ac . We could have a larger d, along with a larger A, and still achieve the required C without 


exceeding the maximum allowed E. 
24.9. IDENTIFY: Apply the results of Example 24.4. C=Q/V. 


SETUP: r,=0.50 mm, r, =5.00 mm 


(a) 6 sca OL 435x10” F. 
In(r,/r,) — In(S.00/0.50) 


(b) V =Q/C =(10.0x10°" C)/(4.35x10°" F) = 2.30 V 


EXECUTE: 


C 
EVALUATE: T =24.2 pF . This value is similar to those in Example 24.4. The capacitance is determined entirely by 


the dimensions of the cylinders. 
24.10. IDENTIFY: Capacitance depends on the geometry of the object. 
27€,L 


27@L/C 
In(r,/r,) 


(a) SET Up: The capacitance of a cylindrical capacitor is C = . Solving for r, gives r, =r,e 


EXECUTE: Substituting in the numbers for the exponent gives 
2m (8.85 x10" C?/N-m*)(0.120 m) a 
3.67x10™ F l 
Now use this value to calculate rp: rp = rg eS (0.250 cm)e”"® = 0.300 cm 
(b) SET Up: For any capacitor, C = Q/V and 4 = Q/L. Combining these equations and substituting the numbers 
gives A = Q/L = CV/L. 
EXECUTE: Numerically we get 
cv _ (3.67x10''F)(125V) 
L 0.120m 


EVALUATE: The distance between the surfaces of the two cylinders would be only 0.050 cm, which is just 
0.50 mm. These cylinders would have to be carefully constructed. 


182 


A = 3.82 x10” C/m = 38.2 nC/m 
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24.11. IDENTIFY and SETUP: Use the expression for C/L derived in Example 24.4. Then use Eq.(24.1) to calculate Q. 
EXECUTE: (a) From Example 24.4, © = EG 
L In(r,/r,) 


C  2n(8.854x10-" C?/N-m°) 


=6.57 x10" F/m = 66 pF/m 
L In(3.5 mm/1.5 mm) 


(b) C =(6.57x10™ F/m)(2.8 m)=1.84x10™ F. 


Q=CV =(1.84x10™ F)(350x10° V) =6.4x10™ C =64 pC 


The conductor at higher potential has the positive charge, so there is +64 pC on the inner conductor and —64 pC on 
the outer conductor. 
EVALUATE: C depends only on the dimensions of the capacitor. Q and V are proportional. 

24.12. IDENTIFY: Apply the results of Example 24.3. C=Q/V. 


SETUP: r,=15.0 cm. Solve for r,. 


1 
EXECUTE: (a) For two concentric spherical shells, the capacitance is C = ab . kCr, —kCr, =r,n, and 
r, —r, 


_ kCr, _ k(116x10™ F)(0.150 m) 
kC-r, k(116x10-" F)-0.150 m 
(b) V =220 V and Q=CV = (116x10 F)(220 V)=2.55x10° C. 


=0.175m. 


n, 


EVALUATE: A parallel-plate capacitor with A =4zr,r, = 0.33 m° and d =r, -r, =2.5x10° m has 
A 
C= 7a =117 pF, in excellent agreement with the value of C for the spherical capacitor. 


24.13. IDENTIFY: We can use the definition of capacitance to find the capacitance of the capacitor, and then relate the 
capacitance to geometry to find the inner radius. 


(a) SET Up: By the definition of capacitance, C = Q/V. 
_Q_ 3.30x10° C 
V 220x10° V 


EXECUTE: C =1.50x10' F = 15.0 pF 


r n, 
nor 


a 


(b) SETUP: The capacitance of a spherical capacitor is C = 476 


EXECUTE: Solve for r, and evaluate using C = 15.0 pF and r, = 4.00 cm, giving r, = 3.09 cm. 
(c) SETUP: We can treat the inner sphere as a point-charge located at its center and use Coulomb’s law, 


7 (9.00 x10° N-m’/C?)(3.30x10° C) 
(0.0309 m)? 


EVALUATE: Outside the capacitor, the electric field is zero because the charges on the spheres are equal in 
magnitude but opposite in sign. 
24.14. IDENTIFY: The capacitors between b and c are in parallel. This combination is in series with the 15 pF capacitor. 


SETUP: Let C, =15 pF, C, =9.0 pF and C, =11 pF. 


EXECUTE: E =3.12x10* N/C 


EXECUTE: (a) For capacitors in parallel, C,, =C, +C, +++ so C, =C, +C, = 20 pF 


1 1 1 1 1 1 
(b) C, =15 pF is in series with C,, = 20 pF . For capacitors in series, =— +4 H+- SO =— +4 and 
G, G, Gi C, Cz 


eq 

CC» _ (15 pF)(20 pF) _ 
C,+C,, 15 pF+20 pF 
EVALUATE: For capacitors in parallel the equivalent capacitance is larger than any of the individual capacitors. For 
capacitors in series the equivalent capacitance is smaller than any of the individual capacitors. 


123 


8.6 pF. 
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24.15. IDENTIFY: Replace series and parallel combinations of capacitors by their equivalents. In each equivalent network 
apply the rules for Q and V for capacitors in series and parallel; start with the simplest network and work back to the 
original circuit. 

SETUP: Do parts (a) and (b) together. The capacitor network is drawn in Figure 24.15a. 


C, =C, =G, = C, = 400 uF 
d V,, =28.0 V 


a 


\ 
lo lk 


Figure 24.15a 


EXECUTE: Simplify the circuit by replacing the capacitor combinations by their equivalents: C, and C, are in 
series and are equivalent to C,, (Figure 24.15b). 


AH: dk fet 


Figure 24.15b 


4.00x10°° F)(4.00x10° F 
Poe a z I 5 ) 00x10" F 
C +C,  4.00x10° F+4.00x10° F 


C,, and C, are in parallel and are equivalent to C,,, (Figure 24.15c). 


C, 2 


Gi = Co +G 


| Ciz 
— = C,,, =2.00x10°° F+4.00x10° F 
| i: — LE 123 
123 
C, 


C,,, =6.00x10° F 
Figure 24.15c 


C,,, and C, are in series and are equivalent to C,,,, (Figure 24.15d). 


Figure 24.15d 


-6 -6 
Pc aes (6.00x10°° F)(4.00x10° F) 
24 Ga, tC,  6.00x10® F + 4.00 x10 F 


The circuit is equivalent to the circuit shown in Figure 24.15e. 


t 2 | V234 =V = 28.0 V 
i aC: Quas = Cias, V = (2.4010 F)(28.0 V) = 67.2 uC 
Figure 24.15e 


=2.40x10° F 


Now build back up the original circuit, step by step. C,,,, represents C,,, and C, in series (Figure 24.15f). 


o | Ciz 
v| Qiz = Q, =Q = 67.2 uC 
S | c (charge same for capacitors in series) 
4 
Figure 24.15f 
_ Qa _ 67.2 4C -11 


Then V,,, 2V 
Cy, 6.00 uF 
pe ene SEE ME iggy 
C, 4.00 uF 


Note that V, +V,» =16.8 V +11.2 V = 28.0 V, as it should. 


Capacitance and Dielectrics 


24-5 
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Next consider the circuit as written in Figure 24.15¢. 


Viz V, =V, = 28.0 V-V, 
V, =11.2 V 
Q, = CV, = (4.00 wF)(11.2 V) 
Q, = 44.8 uC 
| ť— Qiz — CV; = (2.00 wF)(11.2 V) 
Ca = 168V Q, =22.4 uC 


Figure 24.15g 


Finally, consider the original circuit, as shown in Figure 24.15h. 


Q, =Q, =Q, =22.4 uC 
(charge same for capacitors in series) 


vad 224 iE sey 
C, 4.00 uF 

y= 24 sey 
C, 4.00 uF 


Figure 24.15h 


Note that V, +V, =11.2 V, which equals V, as it should. 
Summary: Q, = 22.4 uC, V, =5.6 V 
Q, =22.4 uC, V, =5.6 V 
Q, =44.8 uC, V, =11.2 V 
Q, =67.2 uC, V, =16.8 V 
(c) Va =V; =11.2 V 
EVALUATE: V, +V, +V, =V, or V; +V, =V. Q, =Q,, Q, +Q, =Q, and Q, = Q34: 
1 1 


IDENTIFY: The two capacitors are in series. The equivalent capacitance is given by — = a + ao 
1 2 


eq 


SET Up: For capacitors in series the charges are the same and the potentials add to give the potential across the 


network. 

EXECUTE: (a) ae = 1 z H i 7 
Ca C C, (8.0x10°fF) (5.0x10° F) 

Q=VC,, = (52.0 V)(1.88x10° F) =9.75x10° C . Each capacitor has charge 9.75x10° C. 

(b) V, =Q/C, =9.75x10° C/3.0x10° F=32.5 V. 


V, =Q/C, =9.75x10° C/5.0x10° F=19.5 V. 


=5.33x10° F*. C,, =1.88x10° F . Then 


EVALUATE: V, +V, =52.0 V , which is equal to the applied potential V, . The capacitor with the smaller C has the 


larger V. 


IDENTIFY: The two capacitors are in parallel so the voltage is the same on each, and equal to the applied voltage V,- 


SET Up: Do parts (a) and (b) together. The network is sketched in Figure 24.17. 

a 
EXECUTE: V,=V,=V 
Vi=V ==; ome V, =52.0 V 


Q, Q, V, =52.0 V 
b 


Figure 24.17 
C=Q/V so Q=CV 
Q, = CV, = (3.00 wF)(52.0 V)=156 uC. Q, = CV, = (5.00 uF)(52.0 V) = 260 uC. 
EVALUATE: To produce the same potential difference, the capacitor with the larger C has the larger Q. 
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24.18. 


24.19. 


24.20. 


24.21. 


24.22. 


IDENTIFY: For capacitors in parallel the voltages are the same and the charges add. For capacitors in series, the 
charges are the same and the voltages add. C=Q/V. 


SETUP: C,and C, are in parallel and C, is in series with the parallel combination of C, and C,. 
EXECUTE: (a) C, andC, are in parallel and so have the same potential across them: 


-6 
V, =V, E ies V . Therefore, Q, =V,C, = (13.33 V)(3.00x10° F) =80.0x10° C . Since C, is 
C, 3.00x10° F 


2 
in series with the parallel combination of C, and C, , its charge must be equal to their combined charge: 


C, = 40.0x10° C+80.0x10° C =120.0x10° C. 


(b) The total capacitance is found from E H 22 1 ot l z- and Ca =3.21 uF. 
G C C, 9.00x10° F 5.00x10° F 


12 3 


tot 
_ Qa _ 120.0x10° C 
Cy 3.21x10° F 
Q, _ 120.0 x10° C 
C, 5.00x10°F 
IDENTIFY and SET Up: Use the rules for V for capacitors in series and parallel: for capacitors in parallel the voltages 
are the same and for capacitors in series the voltages add. 
EXECUTE: V, =Q,/C, =(150 wC)/(3.00 wF) =50 V 
C, and C, are in parallel, so V, =50 V 
V, =120 V-V, =70 V 
EVALUATE: Now that we know the voltages, we could also calculate Q for the other two capacitors. 
Lid, 
C, C, 


=37.4V. 


ab 
tot 


EVALUATE: V, = =24.0V.V,=V,+V;. 


6A ; ; ; 1 
IDENTIFY and SETUP: C= a5 . For two capacitors in series, — = 
eq 


1 -1 
EXECUTE: C, -( 1,1 ae H t ee . This shows that the combined capacitance for two 
4 C C; 6A A d, +d, 


capacitors in series is the same as that for a capacitor of area A and separation (d, +d,). 


EVALUATE: C, is smaller than either C, or C, . 


A 
IDENTIFY and SETUP: C= T . For two capacitors in parallel, C,, =C, + C, . 


EXECUTE: C,,=C,+C,= “uth H ot gala + a) . So the combined capacitance for two capacitors in parallel is 


that of a single capacitor of their combined area (A, + A,) and common plate separation d. 
EVALUATE: Cis larger than either C, or C,. 


IDENTIFY: Simplify the network by replacing series and parallel combinations of capacitors by their equivalents. 


. : t 1 1 . 
SET Up: For capacitors in series the voltages add and the charges are the same; — = — +—+--- For capacitors 


eq 1 2 


in parallel the voltages are the same and the charges add; C,, =C, +C, +++ C= 


<lO o 


EXECUTE: (a) The equivalent capacitance of the 5.0 wF and 8.0 „uF capacitors in parallel is 13.0 wF. When these 
two capacitors are replaced by their equivalent we get the network sketched in Figure 24.22. The equivalent 
capacitance of these three capacitors in series is 3.47 uF. 

(b) Qo: =C,.V = (3.47 WF)(50.0 V) =174 uC 

(c) Qor is the same as Q for each of the capacitors in the series combination shown in Figure 24.22, so Q for each of 
the capacitors is 174 „uC. 


EVALUATE: The voltages across each capacitor in Figure 24.22 are V,, = a =17.4 V , Va = Qu 


10 13 


=13.4 V and 


Vy = Qu _ 19.3 V . Vo +V +V, =17.4 V +13.4 V +19.3 V =50.1 V . The sum of the voltages equals the applied 
9 
voltage, apart from a small difference due to rounding. 
10.0 uF 9.0 uF 


44 


13.0 uF 
Figure 24.22 
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24.23. 


24.24. 


24.25. 


24.26. 


24.27. 


IDENTIFY: Refer to Figure 24.10b in the textbook. For capacitors in parallel, C,, =C, +C, +---. For capacitors in 


SET Up: The 11 uF, 4 uF and replacement capacitor are in parallel and this combination is in series with the 
9.0 uF capacitor. 


EXECUTE: Biss ae 1 H l . (5+x) 4F =72 uF and x=57 uF. 
8.0 uF |(11+4.0+x) uF 9.0 uF 


EVALUATE: Increasing the capacitance of the one capacitor by a large amount makes a small increase in the 
equivalent capacitance of the network. 


eq 


IDENTIFY: Apply C=Q/V.C= «i . The work done to double the separation equals the change in the stored 


energy. 
2 
SETUP: U -1cvy? = e 
2 2C 


EXECUTE: (a) V =Q/C = (2.55 wC)/(920x10 ” F) = 2770 V 
(b) C= s says that since the charge is kept constant while the separation doubles, that means that the capacitance 


halves and the voltage doubles to 5540 V. 
2 -6 2 

(9 u - Č -255x10 © 
2C  2(920x10” F) 
capacitance halves, and the energy stored doubles. So the amount of work done to move the plates equals the 


=3.53x10° J. When if the separation is doubled while Q stays the same, the 


difference in energy stored in the capacitor, which is 3.53x10° J. 


EVALUATE: The oppositely charged plates attract each other and positive work must be done by an external force to 
pull them farther apart. 


IDENTIFY and SET Up: The energy density is given by Eq.(24.11): u=4«,E’. Use V = Ed to solve for E. 
V 400 V 


EXECUTE: Calculate E :E =—= ;— =8.00x10* V/m. 
d 5.00x10° m 


Then u = 16E? = 1(8.854x10 C?/N-m?)(8.00x10* V/m) = 0.0283 J/m? 


EVALUATE: E is smaller than the value in Example 24.8 by about a factor of 6 so u is smaller by about a factor of 
6? =36. 
IDENTIFY: C= Q C= &A 

ab d 
SETUP: d=1.50x10° m. 1 uC =10° C 

0.0180 x10° C 
EXECUTE: (a) C= 7 =9.00x10™ F =90.0 pF 
200 V 
_ Cd _ (9.00x10™ F)(1.50x10* m) 
6 8.854 x10" C?/(N-m?) 

(c) V = Ed =(3.0x10° V/m)(1.50x10° m) =4.5x10° V 
(d) Energy = $QV = 4(0.0180x10 ° C)(200 V) =1.80x10° J=1.80 „J 
Q? _ (0.0180x10° C)? _ 
2C 2(9.00x10™ F) 
IDENTIFY: The energy stored in a charged capacitor is }CV*. 
SETUP: 1yF=10°F 
EXECUTE: ŁCV°=41(450x10® F)(295 V)? =19.6 J 


EVALUATE: Thermal energy is generated in the wire at the rate T’R , where I is the current in the wire. When the 
capacitor discharges there is a flow of charge that corresponds to current in the wire. 


. Va = Ed . The stored energy is QV . 


= 0.0152 m’. 


b GESA oA 
(b) F 


EVALUATE: We could also calculate the stored energy as 1.80 yJ. 
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24.28. 


24.29. 


24.30. 


IDENTIFY: After the two capacitors are connected they must have equal potential difference, and their combined 


charge must add up to the original charge. 
2 


SETUP: C=Q/V .The stored energy is U = Z = Zov? 


EXECUTE: (a) Q=CYV,. 
Q Q 


4 2 


(b) V = and also Q.+Q,=Q=CV,. C=C and Ges so © =D an ace 
2 Q 2Q 2 

=— dV=—=—==-yV,. 

a ane ole oer 

-(2 2 ).1 60 2497 )_19 -tev 


c) U 
© 2C C 2} C C 3C P 


1 2 


e origina. Was = x50 =-— . 
d) The original U U =4CV,",so AU ov} 


(e) Thermal energy of capacitor, wires, etc., and electromagnetic radiation. 

EVALUATE: The original charge of the charged capacitor must distribute between the two capacitors to make the 
potential the same across each capacitor. The voltage V for each after they are connected is less than the original 
voltage V, of the charged capacitor. 

IDENTIFY and SET Up: Combine Eqs. (24.9) and (24.2) to write the stored energy in terms of the separation 
between the plates. 


Q? 
EXECUTE: (a) U =—-; 
2C 


d 2 
(b) x > x + dx gives TALA 


ae e S -[ 7 Jas 


26,A 26,A (26A 
Q? 
26,A 
(d) EVALUATE: The capacitor plates and the field between the plates are shown in Figure 24.29a. 
++++++ o QR 


AL i : T QE 


(c) dW =F dx=dU, so F = 


Figure 24.29a 


The reason for the difference is that E is the field due to both plates. If we consider the positive plate only and 
calculate its electric field using Gauss’s law (Figure 24.29b): 


Figure 24.29b 


The force this field exerts on the other plate, that has charge —Q, is F = A 
& 
2 2 


EA : : . ; 
IDENTIFY: C= mG . The stored energy can be expressed either as or as , whichever is more convenient 


for the calculation. 
SET UP: Since d is halved, C doubles. 
EXECUTE: (a) If the separation distance is halved while the charge is kept fixed, then the capacitance increases and 


the stored energy, which was 8.38 J, decreases since U = Q?/2C. Therefore the new energy is 4.19 J. 
(b) If the voltage is kept fixed while the separation is decreased by one half, then the doubling of the capacitance 
leads to a doubling of the stored energy to 16.8 J, using U =CV*/2, when Vis held constant throughout. 
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24.31. 


24.32. 


24.33. 


24.34. 


EVALUATE: When the capacitor is disconnected, the stored energy decreases because of the positive work done by 
the attractive force between the plates. When the capacitor remains connected to the battery, Q = CV tells us that the 


charge on the plates increases. The increased stored energy comes from the battery when it puts more charge onto the 
plates. 


IDENTIFY and SETUP: C= 2 . U =}4CV°. 
EXECUTE: (a) Q=CV =(5.0 4F)(1.5 V)=7.5 uC. U =}CV? =1(5.0 uF)(1.5 V}? =5.62 uJ 


(b) U =1CV? =1C(Q/C)’ =Q°/2C . Q=V2CU = J266.0x10“ F)(1.0 J) =3.2x10° C. 


-3 
-0 AE e 
C 5.0x10°F 
EVALUATE: The stored energy is proportional to Q’ and to V°. 
1 1 
IDENTIFY: The two capacitors are in series. =— 4 He C= Q .U= 1CV?. 
eq G C, V 
SETUP: For capacitors in series the voltages add and the charges are the same. 
1 1 1 CC 150 nF)(120 nF 
EXECUTE: (a) —=—+— so C,, =— TOE nF) _ 66.7 nF. 


C, 


eq 1 

Q =CV = (66.7 nF)(36 V) =2.4x10° C=2.4 uC 

(b) Q =2.4 uC for each capacitor. 

(c) U =4C„ V° =4(66.7x10° F)(36 V)? = 43.2 uJ 

(d) We know C and Q for each capacitor so rewrite U in terms of these quantities. U =4CV* =4C(Q/C)* =Q*/2C 

_ (2.4x10° C} (2.4x10° C? | 

~ 2(150x10° F) 2(120x10°° F) 

Note that 19.2 wJ+24.0 uJ = 43.2 uJ , the total stored energy calculated in part (c). 
Q_24x10°C Q 2.4x10°C_ 


(e) 150 nF: V = ~=—_—______ = 16 V ; 120 nF: V = 5 
C 150x10” F C 120x10” F 


Note that these two voltages sum to 36 V, the voltage applied across the network. 
EVALUATE: Since Q is the same the capacitor with smaller C stores more energy (U = Q*/2C ) and has a larger 


voltage (V =Q/C). 


C, “  C,+C, 150nF+120 nF 


150 nF: U =19.2 uJ ; 120 nF: U = 24.0 uJ 


20 V 


Q 


IDENTIFY: The two capacitors are in parallel. C,, =C, +C,. C=—. U = 4cv’. 


SET Up: For capacitors in parallel, the voltages are the same and the charges add. 

EXECUTE: (a) C,,=C,+C, =35nF+75 nF=110nF. Q,, =C,,V =(110x10° F)(220 V) = 24.2 uC 

(b) V = 220 V for each capacitor. 

35 nF: Qy = CV =(35x10° F)(220 V) =7.7 uC ; 75 nF: Q, =C,,V =(75x10° F)(220 V) =16.5 uC . Note that 
Qy5 + Qz = Quer - 

(©) Ua =$C..V* =F(110 x10 F)(220 V}? = 2.66 mJ 

(d) 35 nF: U,, =4C,.V? =4(35x10° F)(220 V}? = 0.85 mJ ; 

75 nF: U,, =4C,,V° =4(75x10° F)(220 V)* =1.81 mJ . Since Vis the same the capacitor with larger C stores more 


energy. 

(e) 220 V for each capacitor. 

EVALUATE: The capacitor with the larger C has the larger Q. 
IDENTIFY: Capacitance depends on the geometry of the object. 


tot 


A 
(a) SET Up: The potential difference between the core and tube is V = TA In (r, /r,). Solving for the linear charge 
TE 
density gives 2 = RN = SNE : 
In(r,/r,) 2 In(r,/r,) 


6.00 V 


EXECUTE: Using the given values gives 1 = =6.53x107'° C/m 


2(9.00x10° N -m?/C?)In 2:00 
1.20 
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(b) SETUP: Q=AL 

EXECUTE: Q =(6.53x10™® C/m)(0.350 m) = 2.29x10 C 

(c) SETUP: The definition of capacitance is C = Q/V . 
.29x10"° 

(d) SETUP: The energy stored in a capacitor is U =4CV°. 

EXECUTE: U =4(3.81x10™ F)(6.00 V}? =6.85x10™ J 


EVALUATE: The stored energy could be converted to heat or other forms of energy. 
24.35. IDENTIFY: U =+QV. Solve for Q. C=Q/V. 


EXECUTE: =3.81x10" F 


SETUP: Example 24.4 shows that for a cylindrical capacitor, ieee : 
L In(r,/r,) 


2U _ 2(3.20x10° J) 
V 4.00 V 


=1.60x10° C. 


EXECUTE: (a) U =5QV gives Q= 


(b) C = n _ È = exp(2me,L/C) = exp(2r6,LV/Q) = exp(27r6 (15.0 m) (4.00 V)/(1.60x10° C)) =8.05. 
n(r,/r,) r 


The radius of the outer conductor is 8.05 times the radius of the inner conductor. 
EVALUATE: When the ratio r,/r, increases, C/L decreases and less charge is stored for a given potential 


difference. 
24.36. IDENTIFY: Apply Eq.(24.11). 
SET Up: Example 24.3 shows that E = z between the conducting shells and that ey eh Vip 
47er 4ra \K-T, 


r°? \0.148m-0.125m ) r’ a 
(a) For r=0.126 m, E =6.08x10° V/m. u=46,E* =1.64x10% J/m’. 

(b) For r =0.147 m, E=4.47x10° V/m. u=$qE* =8.85x10° J/m’. 

EVALUATE: (c) No, the results of parts (a) and (b) show that the energy density is not uniform in the region between 
the plates. E decreases as r increases, so u decreases also. 


24.37. IDENTIFY: Use the rules for series and for parallel capacitors to express the voltage for each capacitor in terms of 
the applied voltage. Express U, Q, and E in terms of the capacitor voltage. 


SET Up: Le the applied voltage be V. Let each capacitor have capacitance C. U = 4CV* for a single capacitor with 


EXECUTE: E Í rh, j z ae m][0.148 m) V _ 96.5 V-m 


n T r 


voltage V. 
EXECUTE: (a) series 


Voltage across each capacitor is V/2. The total energy stored is U, = 2(4CIV/ 27) =1cV’ 

parallel 

Voltage across each capacitor is V. The total energy stored is U, = 2(4CV’) =CV* 

U, =4U, 

(b) Q=CV fora single capacitor with voltage V. Q, = 2(C[V/2]) =CV; Q, =2(CV) =2CV; Q, =2Q, 
(c) E=V/d for a capacitor with voltage V. E, =V/2d; E, =V/d; E, =2E, 


EVALUATE: The parallel combination stores more energy and more charge since the voltage for each capacitor is 
larger for parallel. More energy stored and larger voltage for parallel means larger electric field in the parallel case. 
24.38. IDENTIFY: V = Ed and C=Q/V. With the dielectric present, C = KC, . 


SETUP: V = Ed holds both with and without the dielectric. 

EXECUTE: (a) V = Ed = (3.00 x10 V/m)(1.50x10”° m) = 45.0 V. 

Q=C,V =(5.00x10™ F)(45.0 V) =2.25x10™ C. 

(b) With the dielectric, C = KC, = (2.70)(5.00 pF) =13.5 pF . Vis still 45.0 V, so 
Q=CV =(13.5x10™ F)(45.0 V) =6.08x10™ C. 


EVALUATE: The presence of the dielectric increases the amount of charge that can be stored for a given potential 
difference and electric field between the plates. Q increases by a factor of K. 
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24.39. 


24.40. 


24.41. 


24.42. 


24.43. 


IDENTIFY and SETUP: Q is constant so we can apply Eq.(24.14). The charge density on each surface of the 
dielectric is given by Eq.(24.16). 
E, _ 3.20x10° V/m _ 


1.28 
E 2.50x10° V/m 


EXECUTE: E= L so K = 


(a) o, =o(1-1/K) 

o =6E, = (8.854 x10 C’/N -m?)(3.20x10° N/C) = 2.833x10°° C/m?* 

g, = (2.83310 C/m?)(1—1/1.28) = 6.20 x10” C/m? 

(b) As calculated above, K =1.28. 

EVALUATE: The surface charges on the dielectric produce an electric field that partially cancels the electric field 

produced by the charges on the capacitor plates. 

IDENTIFY: Capacitance depends on geometry, and the introduction of a dielectric increases the capacitance. 

SETUP: Fora parallel-plate capacitor, C = Ke,A/d. 

EXECUTE: (a) Solving for d gives 

_ KeA _ (3.0)(8.85 x10" C?/N-m*)(0.22 m)(0.28 m) 
C 1.0x10° F 


d =1.64x10” m= 1.64 mm. 


Dividing this result by the thickness of a sheet of paper gives — Tot mm = ~8 sheets . 


0.20 mm/sheet 
Cd _— (1.0x10° F)(0.012 m) 
Ke, (3.0)(8.85x10-” C?/N-m?) 
(c) Teflon has a smaller dielectric constant (2.1) than the posterboard, so she will need more area to achieve the same 
capacitance. 
EVALUATE: The use of dielectric makes it possible to construct reasonable-sized capacitors since the dielectric 
increases the capacitance by a factor of K. 
IDENTIFY and SET UP: For a parallel-plate capacitor with a dielectric we can use the equation C = Ke,A/d. 


(b) Solving for the area of the plates gives A = =0.45 m’. 


Minimum A means smallest possible d. d is limited by the requirement that E be less than 1.60x10’ V/m when Vis 
as large as 5500 V. 


EXECUTE: V=Ed sod=~= ae =3.44x10* m 
E 1.60x10’ V/m 
-9 -4 

Then a- Co -025%10° F8.44x10* m) 00135 m? 


Ke,  (3.60)(8.854x10™° C*/N-m°) 
EVALUATE: The relation V = Ed applies with or without a dielectric present. A would have to be larger if there were 
no dielectric. 
IDENTIFY and SET Up: Adapt the derivation of Eq.(24.1) to the situation where a dielectric is present. 
EXECUTE: Placing a dielectric between the plates just results in the replacement of e for e, in the derivation of 


Equation (24.20). One can follow exactly the procedure as shown for Equation (24.11). 
EVALUATE: The presence of the dielectric increases the energy density for a given electric field. 


IDENTIFY: The permittivity € of a material is related to its dielectric constant by € = Ke, . The maximum voltage is 
E 


related to the maximum possible electric field before dielectric breakdown by V,,,, =E,,.d. E =— = aa , where 
E 


0 

o is the surface charge density on each plate. The induced surface charge density on the surface of the dielectric is 
given by o, =o(1-1/K). 

SETUP: From Table 24.2, for polystyrene K = 2.6 and the dielectric strength (maximum allowed electric field) is 
2x10’ V/m. 

EXECUTE: (a) ¢=Ke,=(2.6)6,=2.3x10" C?/N-m? 


(b) V,a = Eng, = (2.0107 V/m)(2.0x10™ m) = 4.0104 V 

(© E = and o = eE =(2.3x10™ C2/N-m2)(2.0x10" V/m) =0.46x10° C/m?. 
& 

o= o(1-2] = (0.46 x10 C/m?)(1—1/2.6) = 2.8x10™ C/m’. 


EVALUATE: The net surface charge density is o,,, = 0—0, =1.8x10~* C/m* and the electric field between the 


plates is E=o,,,/€. 
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24.44, IDENTIFY: C=Q/V.C=KC,.V=Ed. 
SETUP: Table 24.1 gives K =3.1 for mylar. 
EXECUTE: (a) AQ=Q-Q, =(K -1)Q, =(K -DC,V, =(2.1)(2.5x107 F)(12 V) =6.3x10°C. 
(b) o, =o(1-1/K) so Q, =Q(1-1/K) = (9.3x10® C)(1-1/3.1) = 6.3x10° C. 
(c) The addition of the mylar doesn’t affect the electric field since the induced charge cancels the additional charge 
drawn to the plates. 
EVALUATE: E =V/d and Vis constant so E doesn't change when the dielectric is inserted. 
24.45. (a) IDENTIFY and SET UP: Since the capacitor remains connected to the power supply the potential difference 
doesn’t change when the dielectric is inserted. Use Eq.(24.9) to calculate V and combine it with Eq.(24.12) to obtain a 
relation between the stored energies and the dielectric constant and use this to calculate K. 
; 2U 2(1.85x10° J) 
EXECUTE: Before the dielectric is inserted U, =}C,V° so V = a= = =10.1V 
C, 360x10° F 
(b) K =CIC, 
U, =4C,V’, U =4CV’ so C/C, =U /U, 
U 1.85x10° J+2.32x10° J 
eae 2O = 2.25 
U, 1.85x10” J 
EVALUATE: K increases the capacitance and then from U =4CV°, with V constant an increase in C gives an 
increase in U. 
24.46. IDENTIFY: C=KC,. C=Q/V.V=Ed. 
SET Up: Since the capacitor remains connected to the battery the potential between the plates of the capacitor 
doesn't change. 
EXECUTE: (a) The capacitance changes by a factor of K when the dielectric is inserted. Since V is unchanged (the 
C. 45.0 pC 
battery is still connected), —“ = Caner P~ =K=1.80. 
Cyetore Qhetore 25.0 pc 
(b) The area of the plates is zr? = z(0.0300 m)? = 2.827 x10°m* and the separation between them is thus 
A (8.85x10" C?/N-m’*)(2.827 x10 m° A 
d-a ( a / a X z m) =2.00x10”° m . Before the dielectric is inserted, C = ít -Q 
C 12.5x10 4 F d V 
d 25.0x10™? C)(2.00 x107” 
and V = Q = ( ze 3 ue m) 5x = 2.00 V . The battery remains connected, so the potential 
&A (8.85x10- C?/N-m?)(2.827 x10 m°) 
difference is unchanged after the dielectric is inserted. 
25.0x10™ C 
(c) Before the dielectric is inserted, E = Q 7 oa a : =—~ =1000 N/C 
6A (8.85x10-" C?/N-m?)(2.827 x10° m°) 
Again, since the voltage is unchanged after the dielectric is inserted, the electric field is also unchanged. 
EVALUATE: E= Ae ab =1000 N/C, whether or not the dielectric is present. This agrees with the result 
d 2.00x10~° m 
in part (c). The electric field has this value at any point between the plates. We need d to calculate E because V is the 
potential difference between points separated by distance d. 
24.47. IDENTIFY: C=KC,. U =4CV°. 
SETUP: C, =12.5 wF is the value of the capacitance without the dielectric present. 
EXECUTE: (a) With the dielectric, C =(3.75)(12.5 wF) =46.9 uF . 
before: U =$C,V* =4(12.5x10° F)(24.0 V)? =3.60 mJ 
after: U =4CV* =4(46.9x10° F)(24.0 V)? =13.5 mJ 
(b) AU =13.5 mJ —3.6 mJ =9.9 mJ . The energy increased. 
EVALUATE: The power supply must put additional charge on the plates to maintain the same potential difference 
when the dielectric is inserted. U =4QV , so the stored energy increases. 
24.48. IDENTIFY: Gauss’s law in dielectrics has the same form as in vacuum except that the electric field is multiplied by a 


factor of K and the charge enclosed by the Gaussian surface is the free charge. The capacitance of an object depends 
on its geometry. 
(a) SET Up: The capacitance of a parallel-plate capacitor is C = Ke,A/d and the charge on its plates is Q = CV. 
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24.49. 


24.50. 


EXECUTE: First find the capacitance: 
_ K&A _ (2.1)(8.85x10™° C*/N-m*)(0.0225 m°) 
d 1.00x10” m 
Now find the charge on the plates: Q = CV = (4.18x10™ F)(12.0 V) =5.02x10° C. 
(b) SET Up: Gauss’s law within the dielectric gives KEA = Q,,,,/€. 
EXECUTE: Solving for E gives 
-Que 5.02x10° C 
© KAe, (2.1)(0.0225 m°)(8.85x10™ C?/N -m°) 
(c) SETUP: Without the Teflon and the voltage source, the charge is unchanged but the potential increases, so 
C =6,A/d and Gauss’s law now gives EA=Q/e,. 
EXECUTE: First find the capacitance: 
c-%4_ (8.85 x10-* C?°/N - m?) (0.0225 m°) 
d 1.00x10” m 
Q _ 5.02 x10° C 
C 1.99x10 F 
pa 2 = ee ba >< = 2.52104 NIC. 
6A (8.85x10- C?/N-m?)(0.0225 m°) 


EVALUATE: The dielectric reduces the electric field inside the capacitor because the electric field due to the dipoles 
of the dielectric is opposite to the external field due to the free charge on the plates. 

IDENTIFY: Apply Eq.(24.23) to calculate E. V = Ed and C = Q/V apply whether there is a dielectric between the 
plates or not. 

(a) SET Up: Apply Eq.(24.23) to the dashed surface in Figure 24.49: 


C =4.18x10” F. 


=1.20x10* N/C 


=1.99x10™ F. 


The potential difference is V = =25.2 V. From Gauss’s law, the electric field is 


A’ EXECUTE: KE dA a Qenctte 
on P 
+Q KE -dÄ = KEA' 
K 
since E = 0 outside the plates 
s Qunct-free = oA = (Q/A) A' 
Figure 24.49 
/A)A' 
Thus Kea -Q ) and E = Q 
& «AK 
ey vers 24 
6, AK 
O G2 0s ORO. 


V (Qd/e,AK) d 
EVALUATE: Our result shows that K = C/C,, which is Eq.(24.12). 
IDENTIFY: c=%8. C=Q/V . V=Ed . U =}CV°. 


SETUP: With the battery disconnected, Q is constant. When the separation d is doubled, C is halved. 

«A _ «(0.16 m)? 
d 47x10” m 

(b) Q=CV =(4.8x10™ F)(12 V) =0.58x10° C 

(©) E =V/d =(12 V)/(4.7x10° m) = 2550 V/m 

(d) U =4CV* =4(4.8x10™ F)(12 V)* =3.46x10° J 

(e) If the battery is disconnected, so the charge remains constant, and the plates are pulled further apart to 0.0094 m, then 

the calculations above can be carried out just as before, and we find: (a) C =2.41x10™ F (b) Q=0.58x10° C 

Q? _ (0.58x10° C)? 

2C 2(2.41x10” F) 


EXECUTE: (a) C= =4.8x10" F 


=6.91x10° J 


(c) E=2550 V/m = (d) U= 


EVALUATE: Q is unchanged. E = Q so E is unchanged. U doubles because C is halved. The additional stored 


© 


energy comes from the work done by the force that pulled the plates apart. 
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24.51. IDENTIFY and SET UP: If the capacitor remains connected to the battery, the battery keeps the potential difference 
between the plates constant by changing the charge on the plates. 
EXECUTE: (a) C ==" 
8.854 x10° C?/N-m*)(0.16 m)? 
estes SBE OS UE ai “PS 0A pe 
9.4x10” m 
(b) Remains connected to the battery says that V stays 12 V. Q=CV =(2.4x10™ F)(12 V) =2.9x10™ C 
12 
(c) poe LA =1.3x10° V/m 
d 9.4x10~ m 
(d) U =}QV =4(2.9x10™ C)(12.0 V) =1.7x10° J 
EVALUATE: [Increasing the separation decreases C. With V constant, this means that Q decreases and U decreases. 
Q decreases and E =Q/A so E decreases. We come to the same conclusion from E =V /d. 
24.52. IDENTIFY: C=KG,=Kę “ . V = Ed for a parallel plate capacitor; this equation applies whether or not a dielectric 
is present. 
SETUP: A=1.0 cm’ =1.0x10" m°. 
8.8510? F/m)(1.0 x10% m’ 
Execute: (a) C=(10) 8 ale ROD 146 ie per ent 
7.5x10~° m 
wee =_ 8 OV 1.1310" vim. 
K 75x10” m 
EVALUATE: The dielectric material increases the capacitance. If the dielectric were not present, the same charge 
density on the faces of the membrane would produce a larger potential difference across the membrane. 
24.53. IDENTIFY: P = E/t , where E is the total light energy output. The energy stored in the capacitor is U = 4CV°. 
SETUP: E=0.95U 
EXECUTE: (a) The power output is 600 W, and 95% of the original energy is converted, so 
E = Pt =(2.70x10° W)(1.48x10° s) =400J. E, = 4003 =421J. 
2U 2(421J 
(b) U =4CV"so a ee A, 
vV? (125V) 
EVALUATE: Fora given V, the stored energy increases linearly with C. 
24.54. IDENTIFY: C= ae 
SETUP: A=4.2x10° m’. The original separation between the plates is d = 0.700x10° m . d' is the separation 
between the plates at the new value of C. 
A 4.20x10° m° 
Execure: G =f = 420x107 m6 _ 531x10” F. The new value of Cis C=C, +0.25pF =7.81x10” F. 
d 7.00 x10 m 
5 2 
But C= Ae ,so d'= a ee = Je _ 4.76x10~“*m . Therefore the key must be depressed by a distance of 
d C 7.81x10 ” F 
7.00x10* m—4.76x10* m = 0.224 mm . 
EVALUATE: When the key is depressed, d decreases and C increases. 
27e,L 
24.55. IDENTIFY: Example 24.4 shows that C = oe a cylindrical capacitor. 
n(r,/T, 
SET Up: ln(1+x)%~ x when x is small. The area of each conductor is approximately A=2zr,L. 
EXECUTE: (a) d<<r,: C= 2z&L _ 276,L _ 2ne,L 2ar,Le, «A 
In(r,/r,) In((d+r,)/r,) In(1+d/r,) d d 
EVALUATE: (b) At the scale of part (a) the cylinders appear to be flat, and so the capacitance should appear like that 
of flat plates. 
24.56. IDENTIFY: Initially the capacitors are connected in parallel to the source and we can calculate the charges Q, and 


Q? 
2C ` 
SETUP: After they are reconnected, the charges add and the voltages are the same, so C,, =C, +C, , as for 


Q, on each. After they are reconnected to each other the total charge is Q =Q, -Q,. U =4CV* = 


capacitors in parallel. 
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24.57. 


24.58. 


EXECUTE: Originally Q, = G,V, = (9.0 wF) (28 V) = 2.52x10* C and Q, =C,V, =(4.0 wF)(28 V) =1.12x10* C. 
C.q =C, +C, =13.0 „F . The original energy stored is U =5C, Vv =+(13.0x10° F\(28 V)’ =5.10x10° J. 
Disconnect and flip the capacitors, so now the total charge is Q =Q, —Q, =1.4x10™ C and the equivalent capacitance 
Q? (14x10 C} 
2C,, 2(13.0x10° F) 


eq 


is still the same, C, =13.0 yF . The new energy stored is U = =7.54x10~ J . The change in 
stored energy is AU =7.45x10“* J—5.10x10° J = —4.35x10° J. 


EVALUATE: When they are reconnected, charge flows and thermal energy is generated and energy is radiated as 
electromagnetic waves. 
IDENTIFY: Simplify the network by replacing series and parallel combinations by their equivalent. The stored 


energy in a capacitor is U = +CV". 


F 5 : 1 1 1 : 
SET Up: For capacitors in series the voltages add and the charges are the same; — = = + |G +--+, For capacitors 
eq 1 2 


Q . 


in parallel the voltages are the same and the charges add; C,, =C, +C, +++ C= U =4CV’. 


EXECUTE: (a) Find C,, for the network by replacing each series or parallel combination by its equivalent. The 


successive simplified circuits are shown in Figure 24.57a-c. 
Uy, =$C.V* =F (2.19 x10 F)(12.0 V)* =1.58x10™ J =158 uJ 


(b) From Figure 24.57c, Qu =C,,V = (2.1910 F)(12.0 V)=2.63x10° C. From Figure 24.57b, Q 
Q, _ 2.63x10° C 


C 4.80x10° F 


This one capacitor stores nearly half the total stored energy. 
2 


EVALUATE: U = eves For capacitors in series the capacitor with the smallest C stores the greatest amount of 


=2.63x10° C. 


tot 


Vie = =5.48 V . U,,=4CV? =1(4.80x10% F)(5.48 V}? =7.21x10° J=72.1 uJ 


4.8 


energy. 

4.06 uF 
e] 8.60 uF 7.56 pF 

2.19 uF 
8.60 uF F 80 uF a b 
. a - | - b 
3.50 uF 4.80 uF 
(a) (b) (0) 


Figure 24.57 


IDENTIFY: Apply the rules for combining capacitors in series and parallel. For capacitors in series the voltages add 
and in parallel the voltages are the same. 
SETUP: When a capacitor is a moderately good conductor it can be replaced by a wire and the potential across it is zero. 


EXECUTE: (a) A network that has the desired properties is sketched in Figure 24.58a. C,, =£ + C= =C . The total 


capacitance is the same as each individual capacitor, and the voltage is spilt over each so that V = 480 V. 

(b) If one capacitor is a moderately good conductor, then it can be treated as a “short” and thus removed from the 
circuit, and one capacitor will have greater than 600 V across it. 

EVALUATE: An alternative solution is two in parallel in series with two in parallel, as sketched in Figure 24.58b. 


960 V 


(a) (b) 
Figure 24.58 
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24.59. (a) IDENTIFY: Replace series and parallel combinations of capacitors by their equivalents. 
SET Up: The network is sketched in Figure 24.59a. 
Ci C3 


| C, =C, =8.4 uF 

foes É C, =C, =C, =4.2 uF 

ł 2 53 =O, = 4.2 U 

HH e 
Figure 24.59a 

EXECUTE: Simplify the circuit by replacing the capacitor combinations by their equivalents: C, and C, are in 


series and can be replaced by C,, (Figure 24.59b): 


G abp 
Ea n pe Cie, He oG, 
— E 1_G+C, 

C4 Cy, GC, 


Figure 24.59b 

_ CC, _(4.2 uF)(4.2 uF) 
C,+C, 4.2 uF+4.2 uF 

C, and C,, are in parallel and can be replaced by their equivalent (Figure 24.59c): 


Cx CNG 

age 234 2 34 
wc Ł — Ca =4.2 ME + 2.1 uF 
i a y 


Cay, = 6.3 uF 


=2.1 uF 


34 


Figure 24.59c 


C,, C; and C,,, are in series and can be replaced by C,, (Figure 24.59d): 


C. 84uF 63 uF 


eq 


Cy = 2.5 WF 


l 

L 
L 
F 


Figure 24.59d 


EVALUATE: For capacitors in series the equivalent capacitor is smaller than any of those in series. For capacitors in 
parallel the equivalent capacitance is larger than any of those in parallel. 

(b) IDENTIFY and SETUP: In each equivalent network apply the rules for Q and V for capacitors in series and 
parallel; start with the simplest network and work back to the original circuit. 

EXECUTE: The equivalent circuit is drawn in Figure 24.59e. 


f d à Qeg = Ceg 
a ale Quy = (2-5 iF) (220 V) =550 4C 


Figure 24.59e 


Q, =Q; = Q,34, =550 uC (capacitors in series have same charge) 


550 uC 
po 280 WG Sey 
C, 84 uF 
pes POU Gee 
C, 8.4 uF 
550 uC 
V=- H =87 V 


C, 6.3 uF 
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24.60. 


Now draw the network as in Figure 24.59f. 


A “a =65V 
a V, = Vay = Vog4 =87 V 


V =220V v 


ee Se 


S5 vy =65V 


Figure 24.59f 


capacitors in parallel have the same potential 


Q, = CW, =(4.2 uF)(87 V)=370 uC 
Qa = Cy,V3, = (2.1 uF)(87 V)=180 uC 
Finally, consider the original circuit (Figure 24.59g). 


| = 4 & 
al 220 V ah: = Q; = Q, = Q3, =180 uC 


| d | i capacitors in series have the same charge 
a Gy 


V5 = 65 V 
Figure 24.59g 


180 uC 

pe Os OE ay 
C, 4.2 uF 

y, = 10 HE _ gy 
C, 42 uF 


Summary: Q, =550 wC, V, =65 V 

Q, = 370 uC, V, =87 V 

Q, =180 uC, V} =43 V 

Q, =180 uC, V, =43 V 

Q, =550 uC, V, =65 V 

EVALUATE: V, +V, =V, and V, +V, +V, =220 V (apart from some small rounding error) 

Q, =Q, +Q, and Q; =Q, +Q, 

IDENTIFY: Apply the rules for combining capacitors in series and in parallel. 

SETUP: With the switch open each pair of 3.00 wF and 6.00 „F capacitors are in series with each other and each 


pair is in parallel with the other pair. When the switch is closed each pair of 3.00 „F and 6.00 „F capacitors are in 
parallel with each other and the two pairs are in series. 


-1 -1 
EXECUTE: (a) With the switch open C,, -((s4 H a Ge H sts] E LE. 


Quota = Ceg V = (4.00 uF) (210 V) =8.40 x10“ C . By symmetry, each capacitor carries 4.20x10* C. The 
voltages are then calculated via V = Q/C. This gives V,a =Q/C, =140 V and V,,=Q/C,=70V. 

Va =Va -Vae = 70 V 

(b) When the switch is closed, the points c and d must be at the same potential, so the equivalent capacitance is 


-1 

1 1 

Cq = =4.5 UF. Quai = Ce V = (4.50 WE)(210 V) =9.5x10~ C , and each 
(3.00 +6.00) uF (3.00 + 6.00) „F 


capacitor has the same potential difference of 105 V (again, by symmetry). 
(c) The only way for the sum of the positive charge on one plate of C, and the negative charge on one plate of 


C, to change is for charge to flow through the switch. That is, the quantity of charge that flows through the 
switch is equal to the change in Q, —Q, . With the switch open, Q, =Q, and Q, - Q, =0. After the switch is 
closed, Q, —- Q, = 315 wC, so 315 wC of charge flowed through the switch. 


EVALUATE: When the switch is closed the charge must redistribute to make points c and d be at the same 
potential. 
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24.61. (a) IDENTIFY: Replace the three capacitors in series by their equivalent. The charge on the equivalent capacitor 
equals the charge on each of the original capacitors. 
SET Up: The three capacitors can be replaced by their equivalent as shown in Figure 24.61a. 


| C, = 8.4uF 
| C, = 8.44F a, È 
2 eq 


V=36V = 


Figure 24.61a 


1 1 1 1 4 
EXECUTE: C,=C,/2so —=—+—+—= and C,, =8.4 4F/4 = 2.1 uF 
C C, C, 84 pF 
Q =C V =(2.1 4F)(36 V)=76 uC 


The three capacitors are in series so they each have the same charge: Q, = Q, = Q, =76 uC 


eq 


EVALUATE: The equivalent capacitance for capacitors in series is smaller than each of the original capacitors. 
(b) IDENTIFY and SETUP: Use U =}QV. We know each Q and we know that V, +V, +V, =36 V. 


EXECUTE: U =3QV,+5Q,V,+5QV, 

But Q, =Q, =Q, =Q so U =}4Q(V, +V, +V) 

But also V, +V, +V, =V =36 V, so U =4QV =4(76 uC)(36 V) =1.4x10° J. 
EVALUATE: We could also use U =Q*/2C and calculate U for each capacitor. 


(c) IDENTIFY: The charges on the plates redistribute to make the potentials across each capacitor the same. 
SET Up: The capacitors before and after they are connected are sketched in Figure 24.61b. 


a+ ol + c AE Cij+ Gl+ C3|+ 
= v, i ands 
= - = 2 2 3 j 
mi Ga bal á 2, : 


Figure 24.61b 


EXECUTE: The total positive charge that is available to be distributed on the upper plates of the three capacitors is 
Q, = Qu + Qoz + Qos =3(76 uC) = 228 uC. Thus Q, +Q, +Q, =228 „C. After the circuit is completed the charge 


distributes to make V, =V, =V}. V =Q/C and V, =V, so Q,/C, =Q,/C, and then C, =C, says Q, =Q,. V, =V, says 
Q,/C, = Q,/C, and Q, = Q,(C,/C;) = Q,(8.4 “F/4.2 uF) = 2Q, 
Using Q, =Q, and Q, = 2Q, in the above equation gives 2Q, + 2Q, + Q, = 228 uC. 
5Q, = 228 uC and Q; = 45.6 uC, Q, = Q, =91.2 uC 
Q, 45.6 uC 


De e 2s e yad a ao ry 
C, 8.4 uF C, 8.4 uF C, 4.2 uF 

The voltage across each capacitor in the parallel combination is 11 V. 

(d) U = QV, +3QV, +3QV;. 

But V, =V, =V, so U = iV (Q, HQ, 4 Q,)= +(11 V)(228 uC) =1.3x10° J. 


Then V, = 11 V, V, = 


EVALUATE: This is less than the original energy of 1.4x10~ J. The stored energy has decreased, as in 
Example 24.7. 


gan” c=2. V=Ed.U=10QV. 


24.62. IDENTIFY: 


SETUP: d=3.0x10° m. A=ar’, with r=1.0x10° m. 
_ (8.854x10™° C?/N -m°)z(1.0x10° m)? 


Execute: (a) C=%4 : =9.3x10° F. 
d 3.0x10° m 
Oa = =2.2x10° V 
C 9.3x10°F 
9 
0O E-“- eee. V =7.3x105 Vim 
d  3.0x10°m 


(d) U =4QV =4(20 C)(2.2x10° V) =2.2x10" J 
EVALUATE: Thunderclouds involve very large potential differences and large amounts of stored energy. 
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24.63. IDENTIFY: Replace series and parallel combinations of capacitors by their equivalents. In each equivalent network 
apply the rules for Q and V for capacitors in series and parallel; start with the simplest network and work back to the 


original circuit. 
The network is sketched in Figure 24.63a. 


(a) SET UP: 
mes orale C69 aF 
iz c= If & If E C, =4.6 uF 
Figure 24.63a 
EXECUTE: Simplify the network by replacing the capacitor combinations by their equivalents. Make the 
replacement shown in Figure 24.63b. 


a eq 
C1 a — =li a SHE aie 
3 


Figure 24.63b 


Next make the replacement shown in Figure 24.63c. 
| [234P Cą =2.3 UF +C, 
(0 = 
aj T l | Cy, =2.3 UF +4.6 uF =6.9 uF 


Figure 24.63c 


Make the replacement shown in Figure 24.63d. 
c 
oc 1 2 1 3 


ete a] = Ca C, 69uF 6.9 uF 
= eq 
— wg Qi C,, = 2.3 uF 


Figure 24.63d 


Make the replacement shown in Figure 24.63e. 
Cq =C, + 2.3 uF =4.6 uF + 2.3 uF 


Gal | Cą =6.9 WF 
Figure 24.63e 


Make the replacement shown in Figure 24.63f. 
1 3 


C 
a 
a = Bs C C "6.9 UE 6.9 uF 


af 
o—_ ane Cq =2.3 uF 


Figure 24.63f 


(b) Consider the aoe as drawn in Figure 24.63. 


ig 420V 2.3 uF From part (a) 2.3 uF is the equivalent 
l | - = capacitance of the rest of the network. 


en 24.63g 
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The equivalent network is shown in Figure 24.63h. 
C, = 6.9 4F 
| | 6.9 WF The capacitors are in series, 
ih = 420 V so all three capacitors have 
| | | the same Q. 
Ci = 6.9uF 
Figure 24.63h 
But here all three have the same C, so by V = Q/C all three must have the same V. The three voltages must add 
to 420 V, so each capacitor has V = 140 V. The 6.9 wF to the right is the equivalent of C, and the 2.3 wF 
capacitor in parallel, so V, =140 V. (Capacitors in parallel have the same potential difference.) Hence 
Q, =CV, = (6.9 uF)(140 V) =9.7x10~ C and Q, = C,V, = (4.6 uF)(140 V)=6.4x10" C. 
(c) From the PEI deduced in part Be we have the situation shown in Figure 24.63i. 
140 V He 
i m oy i From part (a) 6.9 wF is the 
V = 420V 6.9uF equivalent capacitance of the 
l w rest of the network. 
140 V = 6. oe 
Figure 24.63i 
The three right-most capacitors are in series and therefore have the same charge. But their capacitances are also equal, 
so by V = Q/C they each have the same potential difference. Their potentials must sum to 140 V, so the potential 
across each is 47 V and V,, =47 V. 
EVALUATE: In each capacitor network the rules for combining V for capacitors in series and parallel are obeyed. 
Note that V <V, in fact V —2(140 V) -2(47 V)=V.,. 
24.64. IDENTIFY: Find the total charge on the capacitor network when it is connected to the battery. This is the amount of 
charge that flows through the signal device when the switch is closed. 
SET Up: For capacitors in parallel, C, =C, +C, +C, +++- 
EXECUTE: § C,,,,, =C, +C, +C, = 60.0 wF. Q = CV = (60.0 wF)(120 V) =7200 uC . 
EVALUATE: More charge is stored by the three capacitors in parallel than would be stored in each capacitor used 
alone. 
24.65. (a) IDENTIFY and SETUP: Q is constant. C = KC,; use Eq.(24.1) to relate the dielectric constant K to the ratio of 


the voltages without and with the dielectric. 
EXECUTE: With the dielectric: V = Q/C = Q/(KC,) 


without the dielectric: V) = Q/C, 
V,/V =K, so K =(45.0 V)/(11.5 V) =3.91 


EVALUATE: Our analysis agrees with Eq.(24.13). 
(b) IDENTIFY: The capacitor can be treated as equivalent to two capacitors C, and C, in parallel, one with 


area 2A/3 and air between the plates and one with area A/3 and dielectric between the plates. 
SETUP: The equivalent network is shown in Figure 24.65. 


A[3 
2A/3 2a/3 


Figure 24.65 


EXECUTE: Let C, =&A/d be the capacitance with only air between the plates. C, = KC, /3, C, =2C,/3; 
Cea =C +C, =(C,/3)(K + 2) 


ys -2 z )- vi(<25]-(450v 3 ]-228v 
Ca C \K+2 K+2 5.91 


eq 


EVALUATE: The voltage is reduced by the dielectric. The voltage reduction is less when the dielectric doesn’t 
completely fill the volume between the plates. 
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24.66. 


24.67. 


24.68. 


24.69. 


IDENTIFY: This situation is analogous to having two capacitors C, in series, each with separation >(d — a). 


; F À 1 Tet 
SETUP: For capacitors in series, — = — + —. 
G C, 


eq 


1.1 A &A &A 
= = + = 1 a 1 0 = 
EXECUTE: (a) C (2 4) zG =3 Ga dog 


&A 6A d -C d 
d-a d d-a ‘d-a 
(c) As a >0, C >C, . The metal slab has no effect if it is very thin. And as a >d , C>œ. V =Q/C. V=Ey is 


the potential difference between two points separated by a distance y parallel to a uniform electric field. When the 
distance is very small, it takes a very large field and hence a large Q on the plates for a given potential difference. 
Since Q = CV this corresponds to a very large C. 


(b) C= 


(a) IDENTIFY: The conductor can be at some potential V, where V = 0 far from the conductor. This potential 
depends on the charge Q on the conductor so we can define C = Q/V where C will not depend on V or Q. 

(b) SET Up: Use the expression for the potential at the surface of the sphere in the analysis in part (a). 
EXECUTE: For any point on a solid conducting sphere V = Q/4ze,R if V =0 at r > œ. 


“y 
(©) C =476,R = 47(8.854x10 F/m)(6.38x10° m) =7.10x10* F=710 uF. 


EVALUATE: The capacitance of the earth is about seven times larger than the largest capacitances in this range. The 


capacitance of the earth is quite small, in view of its large size. 
2 


IDENTIFY: The electric field energy density is 4¢,E* . For a capacitor U = 2 : 


SETUP: Fora solid conducting sphere of radius R, E =0 for r< R and E = ji forr>R. 
TAr 
EXECUTE: (a) r<R: u=ż}6E°=0. 
eag 

b)r>R: u=teE’ =} = ; 
©) =e lz] 327r’grÂ 

æ% 2 œ 2 
(9 U = [udv = 42 r’udr -Q 2 am 

x 87e,,r 87e,R 

1 


(d) This energy is equal to which is just the energy required to assemble all the charge into a spherical 


2 4r R 


distribution. (Note that being aware of double counting gives the factor of 1/2 in front of the familiar potential energy 
formula for a charge Q a distance R from another charge Q.) 


2 2 
EVALUATE: (e) From Equation (24.9), U = a .U= TA R from part (c), C =47e,R, as in Problem (24.67). 
IDENTIFY: We model the earth as a spherical capacitor. 
SETUP: The capacitance of the earth is C = 476 Tall and, the charge on it is Q = CV, and its stored energy is 
r, P r, 
U =4CV" 
1 (6.38x10° m)(6.45x10° m) 


EXECUTE: (a) C =6.5x107 F 


~ 9.00x10°N-m?/C? 6.45x10° m— 6.38x10° m 
(b) Q=CV = (6.54x10>° F)(350,000V) = 2.3x10°C 
(© U =4CV’ =4(6.54x10° F)(350,000 V)? = 4.0x10° J 


EVALUATE: While the capacitance of the earth is larger than ordinary laboratory capacitors, capacitors much larger 
than this, such as 1 F, are readily available. 
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Q? 
24.70. IDENTIFY: The electric field energy density is u=46,E*. U = ea 
SET Up: For this charge distribution, E =0 for r<r,, E = for r,<r<n, and E=0 for r>r,. 
Tr 
U 27, ogi F 
Example 24.4 shows that — =———*— fora cylindrical capacitor. 
L n(r,/r,) 
ayo 
EXECUTE: (a) u=46,F?=1 = 
(a) u=35 sd) eer 
2 h 2 
(b) U = [udV = 27L furar = LA ie id inlay, 
Ane; r L 4ze, 
À ; Q? Q? AL ; : 
(c) Using Equation (24.9), U = — = ln(r,/r,)=———ln(r,/r,). This agrees with the result of part (b). 
2C 4rgL 47€, 
2 
EVALUATE: We could have used the results of part (b) and U = < to calculate U/L and would obtain the same 
result as in Example 24.4. 
24.71. IDENTIFY: C=Q/V, so we need to calculate the effect of the dielectrics on the potential difference between the 
plates. 
SETUP: Let the potential of the positive plate be V,, the potential of the negative plate be V,, and the potential 
midway between the plates where the dielectrics meet be V,, as shown in Figure 24.71. 
+Q 
a 
gan Lae 
Vi-Ve Vac 
Va =Vi» +V 
Figure 24.71 
EXECUTE: The electric field in the absence of any dielectric is E, = 2 In the first dielectric the electric field is 
6 
reduced to E, = Pra R and V» = (3) ee . In the second dielectric the electric field is reduced to 
K, KA 2 126A 
bi -l and Vi.=E,( $= Od . Thus V,. =V +Vp = Qd H Ge ey E : ; 
K, K,6A 2) K,26A K,26A K,26A 26A\K, K, 
Vo Ey E ives ao eo = |e EN 
26,A\ KK, Vie Qd }\ K,+K, d \K,+K, 
EVALUATE: An equivalent way to calculate C is to consider the capacitor to be two in series, one with dielectric 
constant K, and the other with dielectric constant K, and both with plate separation d/2. (Can imagine inserting a 
thin conducting plate between the dielectric slabs.) 
C =K 24 -2K 24 
d/2 d 
6A E&A 
= K 0 = 2K 0 
aS ahi eS ong 
Since they are in series the total capacitance C is given by a l so C= Glas 2268) Kik 
Cc, CG, C, +C, d (K +K, 
24.72. IDENTIFY: This situation is analogous to having two capacitors in parallel, each with an area A/2. 


SET Up: For capacitors in parallel, C, =C, +C,. For a parallel-plate capacitor with plates of area A/2, C= a2) 
d 
EXECUTE: C„=C,+C,= aapa 94K, + K,) 
i d d 2d 


EVALUATE: If K,=K,, Ca =K 22, which is Eq.(24.19). 
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24.73. IDENTIFY and SET Up: Show the transformation from one circuit to the other: 


d3 C, C 
a ! | b a | | | 
C, qq 9) 
Cy C, 


and qata 


3 


1 ~ 43 ht 43 


c b 
Circuit 1 Circuit 2 
Figure 24.73a 


EXECUTE: (a) Consider the two networks shown in Figure 24.73a. From Circuit 1: V,, = TE and V, = Boh . 


y x 


= = C.C,C 
q, is derived from Vp: Vp = 43 hh BA This gives q, = -————— h |x) _ |, 
G- C C C,+C, +C, |C, G, C, C, 


z y x 


From Circuit 2: v, = ata =g; : : + Gy : and V = ata =d : + Gy : H . Setting the 
G C C G C, G G ; C G, 


1 3 
coefficients of the charges equal to each other in matching potential equations from the two circuits results in three 


7 : i . : 1 1 1 
independent equations relating the two sets of capacitances. The set of equations are — = ; 
C C,\ KC, KC, 
1 1 1 1 1 1 
= 1 and — = . From these, subbing in the expression for K, we get 
C G| KC, KC, C, KEG. 


C, =(C,C, +C,C, +C€,C,)/C, > C,=(C,C,+ OC, +C,C,)/C, and G, = (C,C, +C,C, +C,C,)/C, ; 


(b) Using the transformation of part (a) we have the equivalent networks shown in Figure 24.73b: 


18 uF CG 
lie 


a | | 
| 
3 


27 uF 6 uF 


b 
r 


C, 
a | 
| 


C 


b 
4 Cs 
28 uF d c d 
Cs 
6 uF 21 uF 
h 


C, =126 wF, C, =28 uF , C, =42 uF , C, =42 uF, C, =147 uF and C, =32 uF . The total equivalent capacitance 


b 
Figure 24.73b 


-1 
is Cq = 1 H 1 H ! H : H z =14.0 uF, where the 34.8 uF comes from 
72 uF 126 uF 34.8 uF 147 uF 72 uF 


-1 sI 
34.8 uF = F } : H z H : ‘ 
42 uF 32 uF 28 uF 42 uF 
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(c) The circuit diagram can be redrawn as shown in Figure 25.73c. The overall charge is given by 
Q=C,,V = (14.0 WF)(36 V) = 5.0410 C . And this is also the charge on the 72 „uF capacitors, so 
5.04x10*C _ 


V, =——_—__——-=7.0V. 
2? 72x10° F 


Figure 24.73c 


Next we will find the voltage over the numbered capacitors, and their associated voltages. Then those voltages 
will be changed back into voltage of the original capacitors, and then their charges. Q., = Qe, = Q, =5.04 x10*C. 


-4 -4 
p= EN © aiy and V,, = Sa © ay Therefore, 
5 147x10" F t 126x10% F 
ae ae 
Vac, =V q = (36.0 -7.00 — 7.00 — 4.00 —3.43) V =14.6 V . But C,,(C,C,) -(2+2| =16.8 uF and 
2 4 
bs 
ceco) =18.2 UF, s0 Qo, = Qe, = Vec, Cace) = 2-45*10 C and 
3 6 
-4 Qe Qe, Qe 
Qe, = Q, = Vog Ceci = 264x10% C . Then Ve, ==> =8.8V, Vo = =6.3V, Vo, = =5.8V and 
2 3 4 


Q 
Vo, = =8.3 V . Vp = Vo, +Vo, =V =13 Vand Q = CV, =2.3x10* C. Vp =V +Vo, =V, =10 V and 


6 
Qx; = CV» =2.8x10* C . Vg =Vo, +Vo, =Vog =9 V and Qg = CV =2.6x10* C. Vig =Vo, +Vo, =Vn =12 V 
and Q,, =C„V„ =2.5x10* C. V, =V, -Ve, =V, =2.5 V and Q, =C¥; =1.5x10°C. 

EVALUATE: Note that 2V, +V, +V» = 2(7.0 V)+13 V +9 V =36 V, as it should. 

24.74. IDENTIFY: The force on one plate is due to the electric field of the other plate. The electrostatic force must be 
balanced by the forces from the springs. 

SETUP: The electric field due to one plate is E = os . The force exerted by a spring compressed a distance 
Zo — Z from equilibrium is k(z, —z). 

qo_ q _ (CV) _ 6A’ V? _ & AV? 

2a DEA 2A zZ? 2A 2z 

(b) When V =0, the separation is just z,. When V #0 , the total force from the four springs must equal the 


AV? AV? 
= 4k(z,-z) == Ve and 22° -277 +2 - 
2 


2 
Z 


EXECUTE: (a) The force between the two parallel plates is F = qE = 


=0. 


electrostatic force calculated in part (a). F, 


springs 


(c) For A=0.300 m°, z, =1.2x10° m , k =25 N/m and V =120V, so 2z*° —(2.4x10° m)z* +3.82x10™ m° =0. 
The physical solutions to this equation are z = 0.537 mm and 1.014 mm. 


EVALUATE: (d) Stable equilibrium occurs if a slight displacement from equilibrium yields a force back toward the 
equilibrium point. If one evaluates the forces at small displacements from the equilibrium positions above, the 
1.014 mm separation is seen to be stable, but not the 0.537 mm separation. 
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24.75. 


24.76. 


IDENTIFY: The system can be considered to be two capacitors in parallel, one with plate area L(L — x) and air 
between the plates and one with area Lx and dielectric filling the space between the plates. 


SETUP: C= ase for a parallel-plate capacitor with plate area A. 


EXECUTE: (a) C= aa x)L + xKL) = Ea + (K -1)x) 
(b) dU =+(dC)V? , where C =C, + (ax +dxK), with G, = “a +(K —1)x) . This gives 


2 
au =1{ Hx pw Dev" ae. 
D 2D 


(c) If the charge is kept constant on the plates, then Q = «Y (L+(K -1)x) and U =4CV° = sa l ; 


0 
(K -1e,V°L 
2D 


dx. 


2 
uel 4 SE x aay | and AU =U -U, = 
2 DC, 


(K -1)e,V7L 
2D 


(d) Since dU =—Fdx = dx , the force is in the opposite direction to the motion dx, meaning that the 


slab feels a force pushing it out. 
EVALUATE: (e) When the plates are connected to the battery, the plates plus slab are not an isolated system. In 
addition to the work done on the slab by the charges on the plates, energy is also transferred between the battery and 
(K -le,V7L 

2D ` 
IDENTIFY: C=Q/V. Apply Gauss's law and the relation between potential difference and electric field. 


the plates. Comparing the results for dU in part (c) to dU =—Fdx gives F = 


ho n = 
SETUP: Each conductor is an equipotential surface. V, —V, = j E ¿dř =| ° E, -drf ,so Ey = E, , where these 
0 a 


are the fields between the upper and lower hemispheres. The electric field is the same in the air space as in the 
dielectric. 
rh 


EXECUTE: (a) Fora normal spherical capacitor with air between the plates, C, = 476 (=) . The capacitor in 


DT "a 


this problem is equivalent to two parallel capacitors, C, and C, , each with half the plate area of the normal 


KC, C 
capacitor. C, = —~ = 27Ke, ‘ot | and Cy == = 276, ah C=C, +C, =276,(1+ K) b |, 
2 Bn 2 nR n, -r 
j j i ; ! 4ar? Q Q. 
(b) Using a hemispherical Gaussian surface for each respective half, E, = so E, = — ~, and 
Ke, 27Ker 
2 
Ey = = a s0 Ey = a . But Q, =VC, and Q, =VC,. Also, Q, +Q, =Q . Therefore, Q, = <A = KQ, 
and Q= S o, = *@. This gives E = KQ 1 >= 2 Q z and 
1+K 14+K 1+ K 27Ker° 1+K 4zer 
1 2 
u7 2 z= 2 > We do find that Ey = E. 
1+K 2aKer^ 1+K 4rKeęr 
(c) The free charge density on upper and lower hemispheres are: (o;, )y = Qu == 3 and 
5 2ar, 2ar (1+K) 
Q Q Q KQ Q KQ 
(Oin )u = =S= 5 5 (Oy). =a = > and (6;,,). = L= , 
2an,  2ar, (1+ K) 2Qar,?  2ar,*(1+ K) 2an? 2ar?(1+K) 


K J2ar?\K+1) \K+1)2zr,’ 
K-1)) Q (K K-1) Q 
Oin =O a 1/K)= ( ) 2 = 2 
K )2an\K+1 K +1) 221; 


(e) There is zero bound charge on the flat surface of the dielectric-air interface, or else that would imply a 
circumferential electric field, or that the electric field changed as we went around the sphere. 

EVALUATE: The charge is not equally distributed over the surface of each conductor. There must be more charge on 
the lower half, by a factor of K, because the polarization of the dielectric means more free charge is needed on the 
lower half to produce the same electric field. 
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24.77. IDENTIFY: The object is equivalent to two identical capacitors in parallel, where each has the same area A, plate 


separation d and dielectric with dielectric constant K. 
ae eat A 
SET Up: For each capacitor in the parallel combination, C = n ; 


EXECUTE: (a) The charge distribution on the plates is shown in Figure 24.77. 


(b) C= (42) _ 2(4.2)s, (0.120 m)’ 


; =2.38x10° F. 
d 4.5x10* m 


6A _ 2.38x10° F 
2d 4 


EVALUATE: If two of the plates are separated by both sheets of paper to form a capacitor, C = 


5) 


smaller by a factor of 4 compared to the capacitor in the problem. 


Figure 24.77 


24.78. IDENTIFY: As in Problem 24.72, the system is equivalent to two capacitors in parallel. One of the capacitors has 
plate separation d, plate area w(L — h) and air between the plates. The other has the same plate separation d, plate area 


wh and dielectric constant K. 


KA 
SETUP: Define Ke by C,, = ae , where A= wL . For two capacitors in parallel, C, =C, +C 


1 ar 


Gua) Bawa (s Kh H), This gives 
d d d HoE 


EXECUTE: (a) The capacitors are in parallel, so 


Koy -(1--2). 
L L 


(b) For gasoline, with K =1.95: 1 full: Ks (r = 2) =1.24; 2 full: Ko (r = 5] =1.48; 
4 4 2 2 


Ž full: Kal -=)=1.7. 
(c) For methanol, with K =33: 1 full K se [n==)-s; z full: Ka(h=Ż]=17; 3 full: K se [n= 25. 
4 4 2 2 4 4 


(d) This kind of fuel tank sensor will work best for methanol since it has the greater range of K,, values. 
EVALUATE: When h=0, K,, =1.When h=L, K,,=K. 
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25.1. IDENTIFY: J=Q/t. 

SETUP: 1.0h=3600s 

EXECUTE: Q=It =(3.6 A)(3.0)(3600s) =3.89x10* C. 

EVALUATE: Compared to typical charges of objects in electrostatics, this is a huge amount of charge. 
25.2. IDENTIFY: J=Q/t. Use I= n|q|v,A to calculate the drift velocity v,. 


SETUP: n=5.8x10" m°. |q|=1.60x10" C. 


EXECUTE: (a) /= Ores 


= -2 
; =R060 ee A. 


ee I 8.75x10° A 
(b) J =njq|v,A. This gives v, = = z ue = 
nqA (5.8x10°)(1.60x10" C)(z(1.3x10~ m)*) 


EVALUATE: v, is smaller than in Example 25.1, because J is smaller in this problem. 


25.3. IDENTIFY: J=Q/t. J=I/A. J=n\q|v, 
SETUP: A=(z/4)D*, with D=2.05x10° m. The charge of an electron has magnitude +e =1.60x10"” C. 


=1.78x10° m/s. 


EXECUTE: (a) Q = It = (5.00 A)(1.00 s)=5.00 C. The number of electrons is Q =3.12x10”. 


e 
(b) J= = oe =1.51x10° A/m? 
(2/4)D?  (/4)(2.05x107% m} ` 
6 a 
(ae oO a =1.11x10~ m/s =0.111 mm/s. 


njq|_ (8.5x10™ m”)(1.60x10™ ©) 
EVALUATE: (a) If/is the same, J =//A would decrease and v, would decrease. The number of electrons 
passing through the light bulb in 1.00 s would not change. 
25.4. (a) IDENTIFY: By definition, J = I/A and radius is one-half the diameter. 
SET Up: Solve for the current: J = JA = Jn(D/2Y 
EXECUTE: [=(1.50 x 10° A/m’)(z)[(0.00102 m)/2]’ = 1.23 A 
EVALUATE: This is a realistic current. 
(b) IDENTIFY: The current density is J = nqva 
SETUP: Solve for the drift velocity: vy = J/ng 
EXECUTE: Since most laboratory wire is copper, we use the value of n for copper, giving 
vı =(1.50x10° A/m?) /[(8.5 x 10” el/m*)(1.60 x 107" C) = 1.1 x 10“ m/s = 0.11 mm/s 
EVALUATE: This is a typical drift velocity for ordinary currents and wires. 
25.5. IDENTIFY and SETUP: Use Eq. (25.3) to calculate the drift speed and then use that to find the time to travel the 
length of the wire. 
EXECUTE: (a) Calculate the drift speed v,: 


I I 4.85 A 


J=—=—>= + =1.469x10° A/m?” 
A mr 7(1.025x10° m) 
6 2 
TEAR M a =1.079x10~ m/s 
nlg] (8.5x10°*/m’)(1.602x10-” C) 
pine OOO i ei, 


v, 1.079x10* m/s 
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I 
(b) =F 
mr niq| 
Vee ae arniq|L 
= Vy I 
t is proportional to r° and hence to d? where d =2r is the wire diameter. 
2 
t =(6.58x10° s)| S22 ™™) = 2.66x10* s = 440 min. 
2.05 mm 
(c) EVALUATE: The drift speed is proportional to the current density and therefore it is inversely proportional to 
the square of the diameter of the wire. Increasing the diameter by some factor decreases the drift speed by the 
square of that factor. 
25.6. IDENTIFY: The number of moles of copper atoms is the mass of 1.00 m° divided by the atomic mass of copper. 
There are N, =6.023x10” atoms per mole. 
SET Up: The atomic mass of copper is 63.55 g/mole, and its density is 8.96 g/cm*. Example 25.1 says there are 
8.5x10* free electrons per m°. 
EXECUTE: The number of copper atoms in 1.00 m° is 
3 6 3 3 23 
(8.96 g/cm*)(1.00x10° cm*/m*)(6.023 x10? atoms/mole) = 8.49 x10" atoms/m°. 
63.55 g/mole 
EVALUATE: Since there are the same number of free electrons/ m’ as there are atoms of copper i m’ , the number 
of free electrons per copper atom is one. 
25.7. IDENTIFY and SETUP: Apply Eq. (25.1) to find the charge dQ in time dt. Integrate to find the total charge in the 
whole time interval. 
EXECUTE: (a) dO =I dt 
ion 8.0 s 2\.2 - 2\3 8.0 s 
Q=f, (55 a-(0.65 A/s?) dr = [(55 A)t-(0.217 A/s”)e* | 
Q =(55 A)(8.0 s)—(0.217 A/s*)(8.0 s}? =330 C 
(b) gees =41A 
t 80s 
EVALUATE: The current decreases from 55 A to 13.4 A during the interval. The decrease is not linear and the 
average current is not equal to (SSA + 13.4 A)/2. 
25.8. IDENTIFY: J/=Q/t. Positive charge flowing in one direction is equivalent to negative charge flowing in the 
opposite direction, so the two currents due to Cl” and Na’ are in the same direction and add. 
SETUP: Na‘ and Cl each have magnitude of charge lal =+e 
EXECUTE: (a) Qua = (Na +My, Je = (3.92 x 10° + 2.68 x10'°)(1.60x10° C) =0.0106 C. Then 
I= Boni _ 10N0EC 0.0106 A =10.6 mA. 
t 1.00s 
(b) Current flows, by convention, in the direction of positive charge. Thus, current flows with Na* toward the 
negative electrode. 
EVALUATE: The Cl ions have negative charge and move in the direction opposite to the conventional current 
direction. 
25.9. IDENTIFY: The number of moles of silver atoms is the mass of 1.00 m° divided by the atomic mass of silver. 
There are M, =6.023x10” atoms per mole. 
SETUP: For silver, density =10.5x10° kg/m’ and the atomic mass is M =107.868x10~ kg/mol. 
EXECUTE: Consider 1 m° of silver. m=(densityV =10.5x10° kg. n=m/M =9.734x10* mol and the 
number of atoms is N =nN, =5.86x 10% atoms . If there is one free electron per atom, there are 
5.86 x10” free electrons/m*. This agrees with the value given in Exercise 25.2. 
EVALUATE: Our result verifies that for silver there is approximately one free electron per atom. Exercise 25.6 
showed that for copper there is also one free electron per atom. 
25.10. (a) IDENTIFY: Start with the definition of resisitivity and solve for E. 


SETUP: E= pJ = pl/nr’ 
EXECUTE: E=(1.72 x 10° Q- m)(2.75 A)/[x(0.001025 m)"] = 1.43 x 10° V/m 
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25.11. 


25.12. 


25.13. 


25.14. 


25.15. 


EVALUATE: The field is quite weak, since the potential would drop only a volt in 70 m of wire. 

(b) IDENTIFY: Take the ratio of the field in silver to the field in copper. 

SET Up: Take the ratio and solve for the field in silver: Es = Ec(ps/ pc) 

EXECUTE: Es = (0.0143 V/m)[(1.47)/(1.72)] = 1.22 x 107 V/m 

EVALUATE: Since silver is a better conductor than copper, the field in silver is smaller than the field in copper. 
IDENTIFY: First use Ohm’s law to find the resistance at 20.0°C; then calculate the resistivity from the resistance. 
Finally use the dependence of resistance on temperature to calculate the temperature coefficient of resistance. 
SETUP: Ohm’s law is R = V/I, R = pL/A, R = Ro[ 1 + a(T-— To)], and the radius is one-half the diameter. 
EXECUTE: (a) At 20.0°C, R = V/I = (15.0 V)/(18.5 A) = 0.811 Q. Using R = pL/A and solving for p gives p = 
RA/L = Rn(D/2)/L = (0.811 Q)n[(0.00500 m)/2}°/(1.50 m) = 1.06 x 10% Q- m. 

(b) At 92.0°C, R = V/I = (15.0 V)/(17.2 A) = 0.872 Q. Using R = R[1 + a(T-— To)] with To taken as 20.0°C, we 
have 0.872 Q = (0.811 Q)[1 + a(92.0°C — 20.0°C)]. This gives æ = 0.00105 (C°)* 

EVALUATE: The results are typical of ordinary metals. 

IDENTIFY: E=pJ,where J=I/A. The drift velocity is given by J = nlq|v,A. 


SETUP: For copper, p =1.72x10® Q-m. n=8.5x10"/m’, 
. = 5 3.6A 

EXECUTE: (a) J A> Q310 m 
(b) E = pJ =(1.72x10® Q-m)(6.81 x 10° A/m’) =0.012 V/m. 
(c) The time to travel the wire’s length / is 

_ 1 _In|g|A _ (4.0 m)(8.5x10"/m*)(1.6x 10° C)(2.3x107 my’ 

p | 3.6A 

t =1333 min 7 22 hrs! 


EVALUATE: The currents propagate very quickly along the wire but the individual electrons travel very slowly. 
IDENTIFY: E=pJ,where J=//A. 


=6.81x10° A/m’. 


=8.0x10's. 


SETUP: For tungsten p =5.25x10* Q-m and for aluminum p =2.75x10% Q-m. 


-8 

EXECUTE: (a) tungsten: E = pJ = Ai ORR meet 2 

A (/4)(3.26x10~ m) 

a pI _ (2.75x10* Q-m)(0.820 A) 
A (27/4)(3.26x10° m)? 

EVALUATE: A larger electric field is required for tungsten, because it has a larger resistivity. 

IDENTIFY: The resistivity of the wire should identify what the material is. 

SETUP: R = pL/A and the radius of the wire is half its diameter. 

EXECUTE: Solve for p and substitute the numerical values. 


z ([0.00205 m]/2) (0.0290 Q) _ 
6.50 m 


EVALUATE: This result is the same as the resistivity of silver, which implies that the material is silver. 
(a) IDENTIFY: Start with the definition of resistivity and use its dependence on temperature to find the electric 
field. 


=5.16x10° V/m. 


(b) aluminum: E = p =2.70x10° V/m. 


p=ARIL=z(DI2PRIL= 1.47 x 10° Q-m 


SETUP: E=pJ= ET a EE 
mr 


EXECUTE: Æ = (5.25 x10% Q- m)[1 + (0.0045/ C° )(120°C — 20°C)](12.5 A)/[z(0.000500 m)°] = 1.21 V/m. 


(Note that the resistivity at 120°C turns out to be 7.61 x10° Q- m.) 

EVALUATE: This result is fairly large because tungsten has a larger resisitivity than copper. 

(b) IDENTIFY: Relate resistance and resistivity. 

SETUP: R= pL/A = pl/ar’ 

EXECUTE: R=(7.61 x10% Q- m)(0.150 m)/[z(0.000500 m)’] = 0.0145 Q 

EVALUATE: Most metals have very low resistance. 

(c) IDENTIFY: The potential difference is proportional to the length of wire. 

SETUP: V=EL 

EXECUTE: JV = (1.21 V/m)(0.150 m) = 0.182 V 

EVALUATE: We could also calculate V = IR = (12.5 A)(0.0145 Q) =0.181 V , in agreement with part (c). 
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pL 
25.16. IDENTIFY: Apply R= a and solve for L. 
SETUP: A=D’/4,where D=0.462 mm. 
33 2 
cee = RA £ (1.00 OOH? x10” m) -9.75 m. 
p 1.72x10° Q.m 
EVALUATE: The resistance is proportional to the length of the wire. 
25.17. IDENTIFY: R= A 
SETUP: For copper, p =1.72x10® Q-m. A=zr’. 
-8 
EXECUTE: R= ent eee w) =0.125 Q 
m(1.025x10™ m) 
EVALUATE: The resistance is proportional to the length of the piece of wire. 
25.18. Ipenriry: R=22=—P4 
A md°/4 
SETUP: For aluminum, p, = 2.63x10* Q-m. For copper, p. =1.72 x10% Q-m. 
1. 2x10* Q. 
EXECUTE: ee ae constant , so Pa = Pe . d,=d, Pen (3.26 mm) T = 2.64 mm. 
d AL di d Pa 2.6310" Q-m 
EVALUATE: Copper has a smaller resistivity, so the copper wire has a smaller diameter in order to have the same 
resistance as the aluminum wire. 
25.19. IDENTIFY and SETUP: Use Eq. (25.10) to calculate 4. Find the volume of the wire and use the density to 
calculate the mass. 
EXECUTE: Find the volume of one of the wires: 
R= pe so A= pE and 
A R 
2 (1.72x10*Q- m)(3.50 m}? 
volume = AL = 2% a i Y 8 1.686«10 m 
R 0.125 Q 
m =(density)V =(8.9x10° kg/m’)(1.686x10° m’)=15 g 
EVALUATE: The mass we calculated is reasonable for a wire. 
25.20. IDENTIFY: R= r 
SETUP: The length of the wire in the spring is the circumference zd of each coil times the number of coils. 
EXECUTE: L =(75)ad =(75)(3.50x107 m) =8.25 m. 
A=ar’ =nd’/4=7(3.25x10% m)’?/4=8.30x10° m’. 
-6 2 
_ RA 2 (1.74 Q)(8.30x10™ m^) =1.75x10° O-m. 
L 8.25 m 
EVALUATE: The value of p we calculated is about a factor of 100 times larger than p for copper. The metal of 
the spring is not a very good conductor. 
25.21. IDENTIFY: R=. 
SETUP: L=1.80m, the length of one side of the cube. 4=L’. 
-8 
Execute: R=24 = ae Soh ALI NE 83.9100 
A LF L 1.80 m 
EVALUATE: The resistance is very small because A is very much larger than the typical value for a wire. 
25.22. IDENTIFY: Apply R,=R,(l+a(T—-T,)). 


s ; R I £ Pe 
SET Up: Since V = JR and V is the same, —— =~ . For tungsten, æ =4.5x10° (C°)". 
20 T 
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EXECUTE: The ratio of the current at 20°C to that at the higher temperature is (0.860 A)/(0.220 A) =3.909. 


cae a(T -T,) =3.909 , where T, = 20°C. 

Ry 

Rr/ Roy =! _ x9 00 4 3.909 -1 = 666°C. 

a 4.5x10° (C°) 

EVALUATE: As the temperature increases, the resistance increases and for constant applied voltage the current 
decreases. The resistance increases by nearly a factor of four. 

25.23. IDENTIFY: Relate resistance to resistivity. 
SETUP: R= pL/A 
EXECUTE: (a) R = pL/A = (0.60 Q- m)(0.25 m)/(0.12 m} = 10.4 Q 
(b) R = pL/A = (0.60 Q - m)(0.12 m)/(0.12 m)(0.25 m) =2.4 Q 
EVALUATE: The resistance is greater for the faces that are farther apart. 


T= + 


25.24. IDENTIFY: Apply R= aoe and V =IR. 


SETUP: A=ar° 

RA_VA_ (4.50 V)a(6.54 107 m)? 
L IL (17.6 A)(2.50m) 
EVALUATE: Our result for p shows that the wire is made of a metal with resistivity greater than that of good 


=1.37 x107 Q-m. 


EXECUTE: p= 


metallic conductors such as copper and aluminum. 
25.25. IDENTIFY and SET UP: Eq. (25.5) relates the electric field that is given to the current density. V = EL gives the 
potential difference across a length L of wire and Eq. (25.11) allows us to calculate R. 
EXECUTE: (a) Eq. (25.5): p=E/J soJ=E/p 
From Table 25.1 the resistivity for gold is 2.44«x10* Q-m. 
E 0.49 V/m 


=== = = 2.00810" A/m? 
p 244x10* Q-m 


I =JA= Jar’ =(2.008x10" A/m°)æ(0.41x10° m) =11A 
(b) V = EL =(0.49 V/m)(6.4 m)=3.1 V 
(c) We can use Ohm’s law (Eq. (25.11)): V = IR. 
= F = LV =0.28 Q 
I Wa 
EVALUATE: We can also calculate R from the resistivity and the dimensions of the wire (Eq. 25.10): 


gpk pi (2.44x10* Q-m)(6.4 m) 


=0.28 Q, which checks. 


A ar z(0.42x10° m)? 
25.26. IDENTIFY and SETUP: Use V = EL to calculate E and then p =E/J to calculate p. 
EXECUTE: (a) E Ea 0-238 V =1.25 V/m 
L 0.750m 
biep pe a y gy tn 


J 440x107 A/m? 
EVALUATE: This value of p is similar to that for the good metallic conductors in Table 25.1. 


25.27. IDENTIFY: Apply R=R, [1+a(T -7,)] to calculate the resistance at the second temperature. 
(a) SETUP: œ = 0.0004 (c°) (Table 25.1). Let 7, be 0.0°C and T be 11.5°C. 
R 100.0 Q 


7 z 2 =99.54 Q 
l+a(T-T,) 1+(0.0004 (c*) (11.5 C°)) 


EXECUTE: R, 


(b) SETUP: œ =-0.0005 (C°)' (Table 25.2). Let T, =0.0°C and T =25.8°C. 
EXECUTE: R=R,|1+a(T-T,)]=0.0160 of1+(-0.0005 (c°)')(25.8 c)| = 0.0158 Q 


EVALUATE: Nichrome, like most metallic conductors, has a positive œ and its resistance increases with 
temperature. For carbon, œ is negative and its resistance decreases as T increases. 
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25.28. IDENTIFY: R&,=R,[l+a(T-1)] 
SETUP: R,=217.3.Q. R,=215.8Q. For carbon, œ =-0.00050 (C°)". 
Execure: 7-7, = e _ C158 0/2173 ON" 1 13.9. c°) 7313.8. 0°4+4.0°C=17.8°C. 
a —0.00050 (C°) 
EVALUATE: For carbon, a is negative so R decreases as T increases. 
25.29. IDENTIFY and SETUP: Apply R= oe to determine the effect of increasing A and L. 
EXECUTE: (a) If 120 strands of wire are placed side by side, we are effectively increasing the area of the current 
carrier by 120. So the resistance is smaller by that factor: R = (5.6010 Q)/120 = 4.67 x10% Q. 
(b) If 120 strands of wire are placed end to end, we are effectively increasing the length of the wire by 120, and so 
R=(5.60x10° Q)120 = 6.72x107 Q. 
EVALUATE: Placing the strands side by side decreases the resistance and placing them end to end increases the 
resistance. 
25.30. IDENTIFY: When the ohmmeter is connected between the opposite faces, the current flows along its length, but 
when the meter is connected between the inner and outer surfaces, the current flows radially outward. 
(a) SETUP: Fora hollow cylinder, R = pL/A, where A = (b° — a’). 
2.75 x10 Q-m)(2.50 m 
EXECUTE: R= pL/A=—24 — = l f I À =2.00 x10% Q 
z(b?—a?) z| (0.0460 m)? — (0.0320 m} | 
(b) SETUP: For radial current flow from r = a tor = b, R = (p/2xzL) ln(b/a) (Example 25.4) 
-8 
Bxccure: Ree? molaj ee Om toem] wig ah 10 
2aL 27(2.50 m) 3.20 cm 
EVALUATE: The resistance is much smaller for the radial flow because the current flows through a much smaller 
distance and the area through which it flows is much larger. 
25.31. IDENTIFY: Use R= ee to calculate R and then apply V =JR. P=VI and energy = Pt 
SET Up: For copper, p =1.72x10° Q-m. A=ar’, where r =0.050 m. 
-8 3 
Execute: (a) R=2E=0-72%10' Q ee m) _ 0.219 Q. V =IR=(125 A)(0.219 Q) =27.4 V. 
A (0.050 m) 
(b) P=VI =(27.4 V)(125 A) =3422 W =3422 J/s and energy = Pt = (3422 J/s)(3600 s) =1.23x10" J. 
EVALUATE: The rate of electrical energy loss in the cable is large, over 3 kW. 
25.32. IDENTIFY: When current passes through a battery in the direction from the — terminal toward the + terminal, the 
terminal voltage V, of the battery is V, =€—Jr. Also, V, = IR, the potential across the circuit resistor. 
SETUP: €=24.0V. I=4.00 A. 
EXECUTE: (a) V,,=€-Jr gives r= Bate NY O: 
I 4.00 A 
21.2 
(b) V, —IR=0so pale = 2530 Q. 
I 400A 
EVALUATE: The voltage drop across the internal resistance of the battery causes the terminal voltage of the 
battery to be less than its emf. The total resistance in the circuit is R+r=6.00Q. I= = x =4.00 A, which 
agrees with the value specified in the problem. 
25.33. IDENTIFY: V=€-Ir. 
SETUP: The graph gives V =9.0 V when J =Oand J =2.0 A when V =0. 
EXECUTE: (a) € is equal to the terminal voltage when the current is zero. From the graph, this is 9.0 V. 
(b) When the terminal voltage is zero, the potential drop across the internal resistance is just equal in magnitude to 
the internal emf, so r7 = E , which gives r = E /I= (9.0 V)/(2.0 A) = 4.5 Q. 
EVALUATE: The terminal voltage decreases as the current through the battery increases. 
25.34. (a) IDENTIFY: The idealized ammeter has no resistance so there is no potential drop across it. Therefore it acts 


like a short circuit across the terminals of the battery and removes the 4.00-Q resistor from the circuit. Thus the 
only resistance in the circuit is the 2.00-Q internal resistance of the battery. 

SET Up: Use Ohm’s law: J =E /r. 

EXECUTE: 7= (10.0 V)/(2.00 Q)=5.00 A. 
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25.35. 


25.36. 


25.37. 


(b) The zero-resistance ammeter is in parallel with the 4.00-Q resistor, so all the current goes through the ammeter. 

If no current goes through the 4.00-Q resistor, the potential drop across it must be zero. 

(c) The terminal voltage is zero since there is no potential drop across the ammeter. 

EVALUATE: An ammeter should never be connected this way because it would seriously alter the circuit! 

IDENTIFY: The terminal voltage of the battery is V, =€-Jr. The voltmeter reads the potential difference 

between its terminals. 

SET Up: An ideal voltmeter has infinite resistance. 

EXECUTE: (a) Since an ideal voltmeter has infinite resistance, so there would be NO current through the 

2.0 Q resistor. 

(b) V, =€=5.0 V; since there is no current there is no voltage lost over the internal resistance. 

(c) The voltmeter reading is therefore 5.0 V since with no current flowing there is no voltage drop across either 

resistor. 

EVALUATE: This not the proper way to connect a voltmeter. If we wish to measure the terminal voltage of the 

battery in a circuit that does not include the voltmeter, then connect the voltmeter across the terminals of the battery. 

IDENTIFY: The sum of the potential changes around the circuit loop is zero. Potential decreases by JR when 

going through a resistor in the direction of the current and increases by € when passing through an emf in the 

direction from the — to + terminal. 

SETUP: The current is counterclockwise, because the 16 V battery determines the direction of current flow. 

EXECUTE: +16.0 V—8.0 V—J(1.6 Q+5.0 Q+1.4 Q+9.0 Q)=0 
= 16.0 V—8.0 V 

1.60+5.004140+9.00 

(b) V,+16.0 V—J(1.6 Q)=V,, so V, -V, =V,, =16.0 V—(1.6 Q)(0.47 A) =15.2 V. 

(c) V.+8.0 V+/(1.4 Q+5.0 O)=V, so V =(5.0O)(0.47 A) + (1.4 O)(0.47 A)+8.0 V =11.0 V. 

(d) The graph is sketched in Figure 25.36. 

EVALUATE: JV., =(0.47 A)(9.0 Q)=4.2 V. The potential at point b is 15.2 V below the potential at point a and 

the potential at point c is 11.0 V below the potential at point a, so the potential of point c is 

15.2 V —11.0 V =4.2 V above the potential of point b. 


16V 


=047A 


L. L 
b a c 


Figure 25.36 
IDENTIFY: The voltmeter reads the potential difference V,, between the terminals of the battery. 


SETUP: open circuit 7 =0. The circuit is sketched in Figure 25.37a. 


EXECUTE: V,,=€=3.08 V 


Figure 25.37a 


SETUP: switch closed The circuit is sketched in Figure 35.37b. 


E EXECUTE: 
a r oe V,=E-Ir=2.97V 
7 „_E-297V 
I} t =] 
/ „308 V-297 V 00679 
165A 


Figure 25.37b 


V, 297V 


I 165A 
EVALUATE: When current flows through the battery there is a voltage drop across its internal resistance and its 
terminal voltage V is less than its emf. 


And V, =IR so R 1.80 Q. 


25-8 


Chapter 25 


25.38. 


25.39. 


IDENTIFY: The sum of the potential changes around the loop is zero. 

SETUP: The voltmeter reads the ZR voltage across the 9.0 Q resistor. The current in the circuit is 
counterclockwise because the 16 V battery determines the direction of the current flow. 

EXECUTE: (a) V, =1.9 V gives I =V,./ R, =1.9V/9.0 Q=0.21A. 


5.48 V 


(b) 16.0 V -8.0 V =(1.6 Q +9.0 Q+1.4 Q+R)(0.21 A) and R= — 


=26.1Q. 


(c) The graph is sketched in Figure 25.38. 
EVALUATE: In Exercise 25.36 the current is 0.47 A. When the 5.0 Q resistor is replaced by the 26.1 Q resistor 
the current decreases to 0.21 A. 

16 V 


b a c 


Figure 25.38 


(a) IDENTIFY and SET Up: Assume that the current is clockwise. The circuit is sketched in Figure 25.39a. 
16.0 V 


` 160 b 
-|+ 


5.00 ioy 9.00 


140 d oe 


I 
Figure 25.39a 


Add up the potential rises and drops as travel clockwise around the circuit. 
EXECUTE: 16.0 V—J(1.6 Q)-7(9.0 Q)+8.0 V-7(1.4 Q)-1(5.0 Q)=0 
16.0 V+8.0 V _ 240V 


9.004+1404+5.004+16Q 17.00 
EVALUATE: The 16.0 V battery drives the current clockwise more strongly than the 8.0 V battery does in the 
opposite direction. 

(b) IDENTIFY and SET UP: Start at point a and travel through the battery to point b, keeping track of the potential 
changes. At point b the potential is V,. 
EXECUTE: V,+16.0 V—J(1.6 Q)=V, 


V, -V, =-16.0 V +(1.41 A)(1.6 Q) 


=1.41 A, clockwise 


V =-16.0 V+2.3 V =-13.7 V (point a is at lower potential; it is the negative terminal) 


EVALUATE: Could also go counterclockwise from a to b: 
V, +(1.41 A)(5.0 Q)+(1.41 A)(1.4 Q)-8.0 V+(1.41 A)(9.0 Q) =P, 


V =—-13.7 V, which checks. 


(c) IDENTIFY and SET Up: State at point a and travel through the battery to point c, keeping track of the potential 
changes. 


EXECUTE: V,+16.0 V—J(1.6 Q)-J(9.0 Q)=V, 
V,-V, =-16.0 V+(1.41 A)(1.6 Q+9.0 Q) 
V =—16.0 V+15.0 V=-1.0 V (point a is at lower potential than point c) 


EVALUATE: Could also go counterclockwise from a to c: 
V, +(1.41 A)(5.0 Q)+(1.41 A)(1.4 Q)-8.0 V =F, 


V = —1.0 V, which checks. 
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25.40. 


25.41. 


25.42. 


(d) Call the potential zero at point a. Travel clockwise around the circuit. The graph is sketched in Figure 25.39b. 


i} Ir=23V 

IR= 

12.7 V 

Ir=2.0V 
E= 16.0V 
E=8.0V Ir=7.0V 
d + + 
b c 


Figure 25.39b 
IDENTIFY: Ohm’s law says R= e is a constant. 


SETUP: (a) The graph is given in Figure 25.40a. 

EXECUTE: (b) No. The graph of V versus / is not a straight line so Thyrite does not obey Ohm’s law. 
(c) The graph of R versus / is given in Figure 25.40b. R is not constant; it decreases as / increases. 
EVALUATE: Not all materials obey Ohm’s law. 


4.80 6.00 
4.40 5.00 
V (V) peek R 400 
ab 3.60 (Ohms) 
3.20 3.00 
2.80 2.00 
2.40 1.00 
0.00 1.00 2.00 3.00 4.00 0.00 1.00 2.00 3.00 4.00 
(A) I(A) 
(a) (b) 


Figure 25.40 


Vig 
IDENTIFY: Ohm’s law says R= ae is a constant. 


SET Up: (a) The graph is given in Figure 25.41. 

EXECUTE: (b) The graph of V,, versus / is a straight line so Nichrome obeys Ohm’s law. 
: f 15.52 V —1.94 V 

c) R is the slope of the graph in part (a). R= = 3.88 Q. 

ne ari RA) 4.00 A -0.50 A 

EVALUATE: V/I for every I gives the same result for R, R =3.88 Q. 


16.0 


12.0 
Vap (V) 


a 


8.0 


4.0 


0.0 
0.00 1.00 2.00 3.00 4.00 


I(A) 
Figure 25.41 


IDENTIFY and SETUP: Fora resistor, P = VI =V°/R and V = IR. 


2 2 
EXECUTE: (a) R= ae (BON): = 0.688 Q 
P 327 W 
(ipo see -218A 
R 0.6880 
EVALUATE: We could also write P=VI to calculate 7 = È = ZIW =21.8 A. 


V 150V 


25-10 Chapter 25 
25.43. IDENTIFY: The bulbs are each connected across a 120-V potential difference. 

SETUP: Use P = V’/R to solve for R and Ohm’s law (I = V/R) to find the current. 

EXECUTE: (a) R = V’/P = (120 V)/(100 W) = 144 Q. 

(b) R = V’/P = (120 VY'/(60 W) = 240 Q 

(c) For the 100-W bulb: J = V/R = (120 V)/(144 Q) = 0.833 A 

For the 60-W bulb: / = (120 V)/(240 Q) = 0.500 A 

EVALUATE: The 60-W bulb has more resistance than the 100-W bulb, so it draws less current. 
25.44. IDENTIFY: Across 120 V, a 75-W bulb dissipates 75 W. Use this fact to find its resistance, and then find the 

power the bulb dissipates across 220 V. 

SETUP: P=V/R,soR=V'/P 

EXECUTE: Across 120 V: R = (120 V)’(75 W) = 192 Q. Across a 220-V line, its power will be P = V’/R = 

(220 V)/(192 Q) = 252 W. 

EVALUATE: The bulb dissipates much more power across 220 V, so it would likely blow out at the higher 

voltage. An alternative solution to the problem is to take the ratio of the powers. 

2 2 2 2 

Fan auth Va (=) . This gives P,,, =(75 (2) =252 W. 

Pa Vio /R Ving 120 120 
25.45. IDENTIFY: A “100-W” European bulb dissipates 100 W when used across 220 V. 

(a) SET Up: Take the ratio of the power in the US to the power in Europe, as in the alternative method for 

problem 25.44, using P = V/R. 

2 2 2 2 
EXECUTE: Pus Pus! R Pus É v) . This gives P, =(100 wy) =29.8 W. 
P, Vz/R V; 220 V 220 V 

(b) SETUP: Use P = IV to find the current. 

EXECUTE: I= P/V = (29.8 W)/(120 V) = 0.248 A 

EVALUATE: The bulb draws considerably less power in the U.S., so it would be much dimmer than in Europe. 
25.46. IDENTIFY: P=VI. Energy = Pt. 

SETUP: P=(9.0 V)(0.13 A)=1.17 W 

EXECUTE: Energy = (1.17 W)(1.5 h)(3600 s/h) = 6320 J 

EVALUATE: The energy consumed is proportional to the voltage, to the current and to the time. 
25.47. IDENTIFY and SET UP: By definition p = L. Use P=VI, E=VL and I = JA to rewrite this expression in terms 

of the specified variables. 

EXECUTE: (a) £ is related to V and J is related to J, so use P = VI. This gives p = £ 

4 =E and d =J sop=£EJ 

L A 

’ See el at IR 
(b) Jis related to Jand p is related to R, so use P = IR^. This gives p= TA 
pL TA pL, 
I =JA and R= so p = J 
Be P 
2 
(c) E is related to Vand p is related to R, so use P =V°/R. This gives p = a : 
272 2 
Ponet opes eA E 
A LA \ pL p 

EVALUATE: Fora given material ( p constant), p is proportional to J* or to E’. 

25.48. IDENTIFY: Calculate the current in the circuit. The power output of a battery is its terminal voltage times the 


current through it. The power dissipated in a resistor is Z’R . 
SETUP: The sum ofthe potential changes around the circuit is zero. 


EXECUTE: (a) J = tare =0.47 A. Then Po =/?R=(0.47 A)’ (5.0 Q) =1.1 W and 


Po = I'R =(0.47 A} (9.0 Q) =2.0 W. 

(b) Pay = EI -I’r = (16 V)(0.47 A) - (0.47 A} (1.69) =7.2 W. 

(c) Py = EI + Ir’ = (8.0 V)(0.47 A) + (0.47 AX (1.4 Q) =4.1 W. 

EVALUATE: (d) (b)=(a)+(c). The rate at which the 16.0 V battery delivers electrical energy to the circuit 
equals the rate at which it is consumed in the 8.0 V battery and the 5.0 Q and 9.0 © resistors. 
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25.49. 


25.50. 


25.51. 


25.52. 


25.53. 


(a) IDENTIFY and SETUP: P=VI and energy = (power) x (time). 

EXECUTE: P=VI=(12 V)(60 A)=720 W 

The battery can provide this for 1.0 h, so the energy the battery has stored is 

U = Pt =(720 W)(3600 s) =2.6x10° J 

(b) IDENTIFY and SET Up: For gasoline the heat of combustion is L, = 46x10° J/kg. Solve for the mass m 
required to supply the energy calculated in part (a) and use density p =m/V to calculate V. 

2.6x10° J 


EXECUTE: The mass of gasoline that supplies 2.6x10° J is m=————___ = 0.0565 kg. 
46x10° J/kg 
The volume of this mass of gasoline is 
a ONS ead ns 0 a 
p 900 kg/m lm 
(c) IDENTIFY and SET Up: Energy = (power) x (time); the energy is that calculated in part (a). 
U _ 2.6x10° J 


EXECUTE: U=Pt, t= 5800 s =97 min =1.6 h. 


P 450W 
EVALUATE: The battery discharges at a rate of 720 W (for 60 A) and is charged at a rate of 450 W, so it takes 
longer to charge than to discharge. 
IDENTIFY: The rate of conversion of chemical to electrical energy in an emf is EI . The rate of dissipation of 


electrical energy in a resistor Ris J'R . 
SET Up: Example 25.10 finds that 7 =1.2 A for this circuit. In Example 25.9, EI =24 Wand I?r=8W. In 


Example 25.10, Z’R =12 W , or 11.5 W if expressed to three significant figures. 
EXECUTE: (a) P=€/=(12 V)(1.2 A)=14.4 W . This is less than the previous value of 24 W. 


b) The energy dissipated in the battery is P = I’r = (1.2 A)’(2.0Q) = 2.9 W. This is less than 8 W, the amount 
gy p ry 


found in Example (25.9). 
(c) The net power output of the battery is 14.4 W —2.9 W =11.5 W . This is the same as the power dissipated in 


the 8.0 Q resistor. 

EVALUATE: With the larger circuit resistance the current is less and the power input and power consumption are 
less. 

IDENTIFY: Some of the power generated by the internal emf of the battery is dissipated across the battery’s 
internal resistance, so it is not available to the bulb. 

SETUP: Use P = PR and take the ratio of the power dissipated in the internal resistance r to the total power. 


2 
EXECUTE: P. Gi 4 252 = 0.123 =12.3% 


Ae USER): r+R 285-0) 
EVALUATE: About 88% of the power of the battery goes to the bulb. The rest appears as heat in the internal 
resistance. 
IDENTIFY: The voltmeter reads the terminal voltage of the battery, which is the potential difference across the 
appliance. The terminal voltage is less than 15.0 V because some potential is lost across the internal resistance of 
the battery. 
(a) SETUP: P = V’/R gives the power dissipated by the appliance. 
EXECUTE: P=(11.3 V)’/(75.0 Q)=1.70 W 
(b) SETUP: The drop in terminal voltage (E€ — Va») is due to the potential drop across the internal resistance r. 
Use Ir = E — V» to find the internal resistance r, but first find the current using P = IV. 
EXECUTE: J= P/V=(1.70 W)/(11.3 V)=0.151 A. Then Jr = E — V, gives 
(0.151 A)r = 15.0 V— 11.3 V and r = 24.6 Q. 
EVALUATE: The full 15.0 V of the battery would be available only when no current (or a very small current) is 
flowing in the circuit. This would be the base if the appliance had a resistance much greater than 24.6 Q. 
IDENTIFY: Solve for the current / in the circuit. Apply Eq. (25.17) to the specified circuit elements to find the 
rates of energy conversion. 
SETUP: The circuit is sketched in Figure 25.53. 


= 109 E= 120V 
F EXECUTE: Compute /: 


€-Ir—IR=0 
é o 120V 
r+R 109+50Q9 


=2.00 A 


R=50Q 
Figure 25.53 
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(a) The rate of conversion of chemical energy to electrical energy in the emf of the battery is 

P= €I =(12.0 V)(2.00 A) = 24.0 W. 

(b) The rate of dissipation of electrical energy in the internal resistance of the battery is 

P=I’r =(2.00 A) (1.0 Q)=4.0 W. 

(c) The rate of dissipation of electrical energy in the external resistor R is P= /?R = (2.00 A) (5.0 Q) = 20.0 W. 

EVALUATE: The rate of production of electrical energy in the circuit is 24.0 W. The total rate of consumption of 

electrical energy in the circuit is 4.00 W + 20.0 W = 24.0 W. Equal rate of production and consumption of 

electrical energy are required by energy conservation. 
25.54. IDENTIFY: The power delivered to the bulb is /*R. Energy = Pt. 

SETUP: The circuit is sketched in Figure 25.54. 7 a is the combined internal resistance of both batteries. 

EXECUTE: (a) 7 a =0. The sum of the potential changes around the circuit is zero, so 

1.5 V+1.5 V-107Q)=0. 1=0.1765 A. P=I’?R=(0.1765 A} (17 Q) =0.530 W. This is also 

(3.0 V)(0.1765 A). 

(b) Energy = (0.530 W)(5.0 h)(3600 s/h) = 9540 J 

(o Pe 0.265 w. Pare so 1a E = [97M corsa. 

2. R 17 Q 
The sum of the potential changes around the circuit is zero, so 1.5 V+1.5 V —IR -Ir aa =0. 
ge 3.0 V—(0.125 A)(17 Q) _ 102. 
0.125 A 

EVALUATE: When the power to the bulb has decreased to half its initial value, the total internal resistance of the 

two batteries is nearly half the resistance of the bulb. Compared to a single battery, using two identical batteries in 

series doubles the emf but also doubles the total internal resistance. 

ISVO ISV ros 
R=170 
Figure 25.54 
y? 

25.55. IDENTIFY: P=I°R= ma VI. V=IR. 

SETUP: The heater consumes 540 W when V =120 V . Energy = Pt. 

2 nA 2 
EXECUTE: (a) B-E s R s AN 565 Q 
R P 540W 
(b) P=VI so joes y =4.50 A 
V 120V 
i ; y? (110V? ; 2 

(c) Assuming that R remains 26.7 Q, P= ee = ETO =453 W . P is smaller by a factor of (110/120y. 

EVALUATE: (d) With the lower line voltage the current will decrease and the operating temperature will 

decrease. R will be less than 26.7 Q and the power consumed will be greater than the value calculated in part (c). 
25.56. IDENTIFY: From Eq. (25.24), p=—-. 

net 
SETUP: For silicon, p = 2300 Q-m. 
-31 
EXECUTE: (a) T= = = = DNN Xs - =1.55x10" s. 
nep (1.0x10° m™)(1.60x107" C) (2300 Q-m) 

EVALUATE: (b) The number of free electrons in copper (8.5x10°° m™) is much larger than in pure silicon 

(1.0x10'° m™). A smaller density of current carriers means a higher resistivity. 
25.57. (a) IDENTIFY and SET Up: Use R= ae 


2 
0.104 Q)z(1.25x107% m 
EXECUTE: p= FA _| ( ) = 3.65x10°Q-m 
L 14.0m 


Current, Resistance, and Electromotive Force 25-13 


25.58. 


25.59. 


25.60. 


EVALUATE: This value is similar to that for good metallic conductors in Table 25.1. 
(b) IDENTIFY and SET Up: Use V = EL to calculate E and then Ohm's law gives /. 
EXECUTE: V = EL =(1.28 V/m)(14.0 m)=17.9 V 
_V_179V 
R 0.1040 
EVALUATE: We could do the calculation another way: 


P AS V eR A 
p 3.65x10* Q-m 


=172 A 


E= pJ so J= 


7 2 23 2 x 
I = JA=(3.51x10" A/m?°}æ(1.25x10° m) =172 A, which checks 
(c) IDENTIFY and SET Up: Calculate J =I/A or J =£E/p and then use Eq. (25.3) for the target variable v,. 
EXECUTE: J= nlq|v, = nev, 
7 2 
eee 3.5100 Alm” ___ 9.58107 m/s =2.58 mm/s 
ne (8.5x10* m™*)(1.602x10~” C) 
EVALUATE: Even for this very large current the drift speed is small. 


IDENTIFY: Use R= 5 to calculate the resistance of the silver tube. Then J =V /R. 


SETUP: For silver, p =1.47x10® Q-m. The silver tube is sketched in Figure 25.58. Since the thickness 

T =0.100 mm is much smaller than the radius, r = 2.00 cm, the cross section area of the silver is 27rT. The 
length of the tube is / = 25.0 m. 

V V VA V(2arT) _ (12 V)(2z)(2.00x107 m)(0.100x 10° m) 
R pljA pl plo (1.47x 10° Q-m)(25.0 m) 
EVALUATE: The resistance is small, R =0.0292 Q , so 12.0 V produces a large current. 


EXECUTE: I =410A 


Figure 25.58 


IDENTIFY and SET Up: With the voltmeter connected across the terminals of the battery there is no current 
through the battery and the voltmeter reading is the battery emf; € =12.6 V. 

With a wire of resistance R connected to the battery current J flows and E — Ir — IR =0, where r is the internal 
resistance of the battery. Apply this equation to each piece of wire to get two equations in the two unknowns. 
EXECUTE: Call the resistance of the 20.0-m piece R,; then the resistance of the 40.0-m piece is R, =2R,. 
E-Ir-1,R,=0, 12.6 V—(7.00 A)r—(7.00 A)R, =0 

E-I,r-I,(2R,)=0; 12.6 V—(4.20 A)r—(4.20 A)(2R,)=0 

Solving these two equations in two unknowns gives R, =1.20 Q. This is the resistance of 20.0 m, so the resistance 
of one meter is [1.20 Q/(20.0 m) |(1.00 m) = 0.060 Q 


EVALUATE: We can also solve for r and we get r = 0.600 Q. When measuring small resistances, the internal 
resistance of the battery has a large effect. 

IDENTIFY: Conservation of charge requires that the current is the same in both sections. The voltage drops 
across each section add, so R= Ro, + R,,. The total resistance is the sum of the resistances of each section. 


E=pJ= o i ,so E= £ where R is the resistance of a section and L is its length. 


SETUP: For copper, pe, =1.72x10* Q-m. For silver, p,, =1.47x10* Q-m. 
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25.63. 


Chapter 25 
-8 
EXECUTE: (a) /= P Rys Pabor MRO eta) = 0.049 and 
R Rey + Rag Acu (77/4)(6.0x 10m) 
L SQ. 
oP ae ENO ECE heh Tis giles T= ads A 
Ang (77/4)(6.0x10~ m) 0.049 Q+0.062 Q 


The current in the copper wire is 45 A. 
(b) The current in the silver wire is 45 A, the same as that in the copper wire or else charge would build up at their 
interface. 

IRo _ (45 A)(0.049 Q) 


c) Eou =I Pow = = 2.76 V/m. 

(©) Eq =J Pou i 08m / 
IR 

(d) En =J Pu == = WAONE 2553 V/m. 
Ly, 1.2m 


(e) Vx, = IR, =(45 A)(0.062 Q) = 2.79 V. 
EVALUATE: For the copper section, Vo, =/R,, =2.21 V. Note that Vo, +V,, =5.0 V, the voltage applied across 
the ends of the composite wire. 


IDENTIFY: Conservation of charge requires that the current be the same in both sections of the wire. 


E=pJ= A For each section, V = IR = JAR = (=) = EL. The voltages across each section add. 


Pp 
SETUP: A=(7/4)D?°, where D is the diameter. 
EXECUTE: (a) The current must be the same in both sections of the wire, so the current in the thin end is 2.5 mA. 
I (1.72x10* Q-m)(2.5x10° A 
O) Erm = PS =P =í X ) 


— =2.14x10° V/m. 
A (7/4)(1.6x10° m) 


=e -3 
im =J = 2m CTDI TEE A) 8.55107 V/m . This is 4E, sn: 
A (2/4)(0.80x10° m) l 


d) V =EL, +E Ls.. V =(2.14«10% V/m)(1.20 m) +(8.55x10% V/m)(1.80 m) =1.80x10* V. 
0.8 mm “0.8 mm 


1.6mm “1.6 mm 


(© £,, 


EVALUATE: The currents are the same but the current density is larger in the thinner section and the electric field 
is larger there. 
IDENTIFY: J =JA. 


SET Up: From Example 25.1, an 18-gauge wire has 4 =8.17 x 107% cm’. 
EXECUTE: (a) / =JA=(1.0x10° A/em’)(8.17x107 cm’) =820 A 
(b) 4=//J =(1000 A)/(1.0x10° A/cm?) =1.0x10% cm?. A= zr? so 


r= A/a =J(1.0x10° cm’)/z =0.0178 cm and d =2r =0.36 mm. 
EVALUATE: These wires can carry very large currents. 
(a) IDENTIFY: Apply Eq. (25.10) to calculate the resistance of each thin disk and then integrate over the 
truncated cone to find the total resistance. 
SET UP: 
EXECUTE: The radius of a 


—", truncated cone a distance y 


above the bottom is given by 
r=r+(y/h)\(n-7)=7+y8 
= with B=(7,-1,)/h 


n 


dy |h 


Figure 25.63 


Consider a thin slice a distance y above the bottom. The slice has thickness dy and radius r. The resistance of the 
slice is 
d 
N pdy : 
A mr mT ( r, + B y) 
The total resistance of the cone if obtained by integrating over these thin slices: 


fm PLP W el l; aul esp Lt 
R=Jar aie ae path) | > aber L 


0 
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25.64. 


25.65. 


25.66. 


25.67. 


But rn +hBP=r, 


gp-2|1_1|-2|_”_|| i= |2 
apin n TNH nh TNT, 


(b) EVALUATE: Let n =r, =r. Then R= ph/zr? = pL/ A where A=ar* and L =h. This agrees with 

Eq. (25.10). 

IDENTIFY: Divide the region into thin spherical shells of radius r and thickness dr. The total resistance is the 
sum of the resistances of the thin shells and can be obtained by integration. 


SETUP: J=V/R and J=I/4zr’, where 4zr° is the surface area of a shell of radius r. 
b 
EXECUTE: (a) dR= pdr RP (2- pil 
4r’ r 


Pao 
Anr? 4nr|, 4a\a b) 4r\ ab J 
(b) I AVG _ V „4mab ma I £ V „4mab JÈ V „ab = 
R p(b-a) A p(b-a)4ar° p(b-a)r 
(c) If the thickness of the shells is small, then 477ab ~ 47a? is the surface area of the conducting material. 


R= ca Be AEE pi PE , where L=b-a. 
4rab 4ra A 
EVALUATE: The current density in the material is proportional to 1/7’. 
IDENTIFY and SET Up: Use E = pJ to calculate the current density between the plates. Let A be the area of each 


plate; then J = JA. 


EXECUTE: yee and E = la Q 
p Ke, Kg 
Thus J = and I = JA = , as was to be shown. 
KAe,p Ke 


EVALUATE: C=Ke,A/d and V=Q/C=Qd/Ke,A so the result can also be written as 1 =VA/dp. The 
resistance of the dielectric is R=V/I =dp/A, which agrees with Eq. (25.10). 

IDENTIFY: As the resistance R varies, the current in the circuit also varies, which causes the potential drop across 
the internal resistance of the battery to vary. 

SETUP: The largest current will occur when R = 0, and the smallest current will occur when R > œ. The largest 
terminal voltage will occur when the current is zero (R — œ) and the smallest terminal voltage will be when the 
current is a maximum (R = 0). 

EXECUTE: (a) As R > œ, I —> 0, so Va —> E = 15.0 V, which is the largest reading of the voltmeter. When R = 
0, the current is largest at (15.0 V)/(4.00 Q) = 3.75 A, so the smallest terminal voltage is V,, = E -rI = 15.0 V 
(4.00 Q)(3.75 A) = 0. 

(b) From part (a), the maximum current is 3.75 A when R = 0, and the minimum current is 0.00 A when R > œ. 
(c) The graphs are sketched in Figure 25.66. 

EVALUATE: Increasing the resistance R increases the terminal voltage, but at the same time it decreases the 


current in the circuit. 
Vab I 


a | 3.75 A 


R | R 
Figure 25.66 


IDENTIFY: Apply R =f. 


SET Up: For mercury at 20°C , p =9.5x107 Q-m, æ =0.00088 (C°)" and B =18x10% (C°)". 


-7 
EXECUTE: (a) R= pL 2 (9.5x10 eee m) 
A (7/4)(0.0016 m) 


= 0.057 Q. 
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25.68. 


25.69. 


(b) p(T) = p,(1+aAT) gives p(60° C) =(9.5x1077 Q-m)(1+ (0.00088 (C2)")(40 C°) =9.83x10"7 Q-m, so 
Ap =3.34x 10° Q-m. 

(c) AV = BV,AT gives AAL = A (BL,AT). Therefore 

AL = BLAT =(18x10° (C°)"')(0.12 m)(40 C°) =8.64x10~ m=0.86 mm. The cross sectional area of the 


mercury remains constant because the diameter of the glass tube doesn't change. All of the change in volume of the 
mercury must be accommodated by a change in length of the mercury column. 
(d) R ape gives Ape PAL 
A A A 
_ (3.34x10® Q-m)(0.12 m) | (95x10 Q-m)(0.86x 10" m) 
~  (77/4)(0.0016 m)? (/4)(0.0016 m)? 
EVALUATE: (e) From Equation (25.12), 


-3 
5 L(g 1) 1 a Q) |= pao (C7 


=2.40x10° Q. 


“ATR, ) 40€ 0.057 Q. 


This value is 25% greater than the temperature coefficient of resistivity and the length increase is important. 
IDENTIFY: Consider the potential changes around the circuit. For a complete loop the sum of the potential 
changes is zero. 

SETUP: There is a potential drop of IR when you pass through a resistor in the direction of the current. 


EXECUTE: (a) I == = 0.167 A. V,+8.00 V-1(0.50 248.00 Q)=V,, so 


Va = 8.00 V — (0.167 A) (8.50 Q) = 6.58 V. 
(b) The terminal voltage is V, =V,-V.. V,+4.00 V+/(0.50 Q)=V, and 
V, =+ 4.00 V + (0.167 A) (0.50 Q) = + 4.08 V. 


(c) Adding another battery at point d in the opposite sense to the 8.0 V battery produces a counterclockwise current 


with magnitude J = wa — LAP 0.257 A. Then V, +4.00 V—J(0.50 Q) =V, and 


V, =4.00 V - (0.257 A) (0.50 Q) =3.87 V. 


EVALUATE: When current enters the battery at its negative terminal, as in part (c), the terminal voltage is less 
than its emf. When current enters the battery at the positive terminal, as in part (b), the terminal voltage is greater 
than its emf. 

IDENTIFY: In each case write the terminal voltage in terms of E, Z, and r. Since J is known, this gives two 
equations in the two unknowns E and r. 

SETUP: The battery with the 1.50 A current is sketched in Figure 25.69a. 


E z V =8.4 V 
a a eee b 
—— wn Vp =E- 
p <——. 
I 1= 1.50A E-(1.50 A)r =8.4 V 
Figure 25.69a 
The battery with the 3.50 A current is sketched in Figure 25.69b. 
A ee r b Vi» =9.4 V 
|] wn — 2641 
— > — > 
I= 3.50A E+(3.5A)r=94V 


Figure 25.69b 


EXECUTE: (a) Solve the first equation for € and use that result in the second equation: 
E=8.4 V +(1.50 A)r 
8.4 V+(1.50 A)r+(3.50 A)r =9.4 V 


1.0 V 


(5.00 A)r =1.0 V sor = =0.20Q 
5.00 A 
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(b) Then €=8.4 V+(1.50 A)r =8.4 V+(1.50 A)(0.20 Q)=8.7 V 
EVALUATE: When the current passes through the emf in the direction from — to +, the terminal voltage is less 
than the emf and when it passes through from + to —, the terminal voltage is greater than the emf. 
25.70. IDENTIFY: V=IR. P=I°R. 
SETUP: The total resistance is the resistance of the person plus the internal resistance of the power supply. 
V 14x10° V 
Ra 10x10? Q+2000 Q 


tot 
(b) P=’R =(1.17 A¥ (0x10 Q) =1.37x10* J =13.7 kJ 
V 14x10 V 
(c) Ro = = -3 
I 1.00x107” A 
14x106 Q-10x10° Q=14x10f Q=14 MQ. 
EVALUATE: The current through the body in part (a) is large enough to be fatal. 


EXECUTE: (a) /= =1.17 A 


=14x10° Q. The resistance of the power supply would need to be 


25.71. IDENTIFY: R= a . V=IR. P=PR. 


SETUP: The area of the end of a cylinder of radius r is zr’. 


Execure: (a) R= C22 MC OM) iog 
77(0.050 m) 


(b) V = IR=(100x10% A)(1.0x10° Q) =100 V 
(© P =FR =(100x10° A} (1.0x10° Q) =10 W 
EVALUATE: The resistance between the hands when the skin is wet is about a factor of ten less than when the 
skin is dry (Problem 25.70). 

25.72. IDENTIFY: The cost of operating an appliance is proportional to the amount of energy consumed. The energy 
depends on the power the item consumes and the length of time for which it is operated. 
SETUP: Ata constant power, the energy is equal to Pt, and the total cost is the cost per kilowatt-hour (kWh) 
times the time the energy (in kWh). 
EXECUTE: (a) Use the fact that 1.00 kWh = (1000 J/s)(3600 s) = 3.60 x 10° J, and one year contains 
3.156x10’ s. 


(75 Ws) 3.156x10" s \/ $0.120 
lyr 3.60x10° J 


(b) At 8 h/day, the refrigerator runs for 1/3 of a year. Using the same procedure as above gives 


7 
(400 us} 2) 3.156x10’ s | sore )=st4027 
3 lyr 3.60x10° J 


EVALUATE: Electric lights can be a substantial part of the cost of electricity in the home if they are left on for a 
long time! 

25.73. IDENTIFY: Set the sum of the potential rises and drops around the circuit equal to zero and solve for J. 
SETUP: The circuit is sketched in Figure 25.73. 


= $78.90 


E=12.6V EXECUTE: 
E-IR-V=0 

ți €-IR-al- pr =0 
BI’ +(Rt+a)I-E=0 


R=3.20 V=al+pl? 
Figure 25.73 


The quadratic formula gives Z = (1/2A)|-( +a)tJ(R +a) + ape | 
I must be positive, so take the + sign 
1=(1/26)| (R+a)+(R4 a) ape | 


I =-2.692 A +4.116 A =1.42 A 
EVALUATE: For this / the voltage across the thermistor is 8.0 V. The voltage across the resistor must then be 
12.6 V -8.0 V =4.6 V, and this agrees with Ohm's law for the resistor. 
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25.74. (a) IDENTIFY: The rate of heating (power) in the cable depends on the potential difference across the cable and 
the resistance of the cable. 
SET Up: The power is P = V’/R and the resistance is R = pL/A. The diameter D of the cable is twice its radius. 


VP Ww AV? mv 
R (pL/A) pL pL 

ends divided by the length of the cable: E = V/L. 

EXECUTE: Solving for r and using the resistivity of copper gives 


50.0 W)(1.72x10°° Q-m)(1500 m 
peo ais 1 7 1 ) 921 x10%m, D =2r=0.184 mm 
aV z(220.0 V) 


(b) SETUP: E=V/L 
EXECUTE: £ = (220 V)/(1500 m) = 0.147 V/m 
EVALUATE: This would be an extremely thin (and hence fragile) cable. 
25.75. IDENTIFY: The ammeter acts as a resistance in the circuit loop. Set the sum of the potential rises and drops 
around the circuit equal to zero. 
(a) SETUP: The circuit with the ammeter is sketched in Figure 25.75a. 


. The electric field in the cable is equal to the potential difference across its 


S y EXECUTE: 
2-8 

T ERER, 
E=1,(r+R+R,) 


A 


Figure 25.75a 
SETUP: The circuit with the ammeter removed is sketched in Figure 25.75b. 
EXECUTE: 
m f pm 
I= Z 
R+r 


Figure 25.75b 


Combining the two equations gives 
R 


1 
I=| — |I (r+R+R,)= L| 1+— 
Pa alr a) At Ae 


(b) Want 7, =0.990/. Use this in the result for part (a). 


I =0.9901{ 1+ R, 
R 


r+ 


0.010 =0.990( R, 
r+R 


R, =(r + R)(0.010/0.990) = (0.45 Q +3.80 Q)(0.010/0.990) = 0.0429 Q 


E E 
r+R r+R+R 


ee - ER, 
(r+R)(r+R+R,)) (r+R)(r+R+R,) 


EVALUATE: The difference between J and J, increases as R} increases. If R} is larger than the value 


calculated in part (b) then /, differs from / by more than 1.0%. 


25.76. IDENTIFY: Since the resistivity is a function of the position along the length of the cylinder, we must integrate to 
find the resistance. 
(a) SET UP: The resistance of a cross-section of thickness dx is dR = pdx/A. 
EXECUTE: Using the given function for the resistivity and integrating gives 


pdx L(a+bx?)dx aL+bL’/3 
Ral A =I ar : ar 
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25.77. 


25.78. 


25.79. 


Now get the constants a and b: p(0) =a =2.25 x 10° Q- mand 
p(L)=a + bI? gives 8.50 x 10° Q-m=2.25 x 10% Q.m+b(1.50 m}? 
which gives b = 2.78 x 10° Q/m. Now use the above result to find R. 
(2.25x10* Q-m)(1.50 m) +(2.78x10* Q/m)(1.50 m)’/3 E 
R= 5 =1.71 x 10*Q=171 uQ 
(0.0110 m) 


(b) IDENTIFY: Use the definition of resistivity to find the electric field at the midpoint of the cylinder, where x = 
L/2. 
SETUP: £ = pJ. Evaluate the resistivity, using the given formula, for x = L/2. 


[a+b(112} |i 


ar? 


EXECUTE: At the midpoint, x = L/2, giving E 


-Pl 
ar’ 
[ 2.2510" Q-m +(2.78x10* Q/m)(0.750 m} |(1.75 A) 


: =1.76 x10* V/m 
z(0.0110 m) 


(c) IDENTIFY: For the first segment, the result is the same as in part (a) except that the upper limit of the integral 
is L/2 instead of L. 
a(L/2)+(b/3)(L°/8) 


ar’ 


SET Up: Integrating using the upper limit of L/2 gives R, = 


EXECUTE: Substituting the numbers gives 

(2.25x10* Q-m)(0.750 m) + (2.78x 10° Q/m)/3((1.50 m)’/8) 

7(0.0110 m}? 

The resistance R, of the second half is equal to the total resistance minus the resistance of the first half. 
R,=R-R,= 1.71 x 10* Q- 5.47 x10° Q= 1.16 x 107 Q 
EVALUATE: The second half has a greater resistance than the first half because the resistance increases with 
distance along the cylinder. 
IDENTIFY: The power supplied to the house is P=VI. The rate at which electrical energy is dissipated in the 


i . L 
wires is Z?R, where R =fr 


=5.47x10° Q 


1 


SETUP: For copper, p =1.72x10* Q - m. 


EXECUTE: (a) The line voltage, current to be drawn, and wire diameter are what must be considered in 
household wiring. 


(b) P=VI gives I = Z = Or =35 A, so the 8-gauge wire is necessary, since it can carry up to 40 A. 
2 2 -8 
() P=PR=! pL _ (5A) (1.72 x10° Q yO) GW, 
A (2/4) (0.00326 m) 
2 2 -8 
(d) If 6-gauge wire is used, P = rpl CIA) eee wE m) =66 W . The decrease in energy 
A (7/4) ) (0.00412 m) 


consumption is AE = APt = (40 W) (365 days/yr) (12 h/day) = 175 kWh/yr and the savings is 
(175 kWh/yr) ($0.11/kWh) = $19.25 per year. 


EVALUATE: The cost of the 4200 W used by the appliances is $2020. The savings is about 1%. 


IDENTIFY: R,=R,(+a[T-]). Rao. P=VI, 


SET Up: When the temperature increases the resistance increases and the current decreases. 


EXECUTE: (a) L- (lal? -1)., I, =1,(i+ a@[T -T,]). 
T 0 
Lyle 2 1.35 A-1.23 A 


T-T= =217 C°. T=20°C+217°C =237°C 


al, (1.23 A)(4.5x10* (C°)"') 
(b) G@) P=VI =(120 V)(1.35 A)=162 W (ii) P=(120 V)(1.23 A) =148 W 
EVALUATE: P=V°/R shows that the power dissipated decreases when the resistance increases. 


(a) IDENTIFY: Set the sum of the potential rises and drops around the circuit equal to zero and solve for the 
resulting equation for the current 7. Apply Eq. (25.17) to each circuit element to find the power associated with it. 
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SET Up: The circuit is sketched in Figure 25.79. 
eS EXECUTE: 
a a E-E -I(n+r,+R)=0 
—VV 
E = E 
{=——+ 
n+n+R 
R=8.00 
fr -120 V-80 V 
1.0 Q+1.0 Q+8.0 Q 
r= 100 I=0.40 A 
Figure 25.79 
(b) P=PR+P7 +I r, =P (R+r, +r,)=(0.40 A) (8.0 Q+1.0 Q+1.0 Q) 
P=1.6 W 
(c) Chemical energy is converted to electrical energy in a battery when the current goes through the battery from 
the negative to the positive terminal, so the electrical energy of the charges increases as the current passes through. 
This happens in the 12.0 V battery, and the rate of production of electrical energy is 
P =&£1 =(12.0 V)(0.40 A)=4.8 W. 
(d) Electrical energy is converted to chemical energy in a battery when the current goes through the battery from 
the positive to the negative terminal, so the electrical energy of the charges decreases as the current passes through. 
This happens in the 8.0 V battery, and the rate of consumption of electrical energy is 
P =£,I =(8.0 V)(0.40 V)=3.2 W. 
(e) EVALUATE: Total rate of production of electrical energy = 4.8 W. Total rate of consumption of electrical 
energy = 1.6 W + 3.2 W = 4.8 W, which equals the rate of production, as it must. 
25.80. IDENTIFY: Apply R= Pe for each material. The total resistance is the sum of the resistances of the rod and the 
wire. The rate at which energy is dissipated is °R. 
SETUP: For steel, p =2.0x10’ Q-m. For copper, p =1.72x10* Q-m. 
-7 
EXECUTE: (a) R,,, = 2 -C00 Qm) COM) «157x107 Q and 
i A (2/4) (0.018 m) 
-8 
pen cee aB ce m) _ 0.0129. This gives 
A (2/4) (0.008 m) 
V =IR= I (Ra + Rou) = (15000 A) (1.57 x 10° Q + 0.012 Q) = 204 V. 
(b) E = Pt = I’ Rt = (15000 A)’ (0.0136 Q) (65x 10% s) =199 J. 
EVALUATE: J'R is large but ¢ is very small, so the energy deposited is small. The wire and rod each have a 
mass of about | kg, so their temperature rise due to the deposited energy will be small. 
25.81. IDENTIFY and SETUP: The terminal voltage is V, =€ -1r = IR , where R is the resistance connected to the 


battery. During the charging the terminal voltage is V, =€+Jr. P=VI andenergy is E =Pt. I’r is the rate 


at which energy is dissipated in the internal resistance of the battery. 
EXECUTE: (a) V, =£ + 1r =12.0 V+(10.0 A) (0.24 Q) =14.4 V. 


(b) E = Pt = IVt = (10 A) (14.4 V) (5) (3600 s) = 2.59 x 108 J. 


(© Eis = Pit = Prt = (10 AP (0.24 Q) (5) (3600 s) = 4.32 x105 J. 
(d) Discharged at 10 A: J = a pee A) o 
r+R I 10A 


(e) E = Pt = IVt =(10 A) (9.6 V) (5) (3600s) =1.73 x 10° J. 

(f) Since the current through the internal resistance is the same as before, there is the same energy dissipated as in 
(c): Eis = 4:32 x10° J. 

(g) Part of the energy originally supplied was stored in the battery and part was lost in the internal resistance. So 


the stored energy was less than what was supplied during charging. Then when discharging, even more energy is 
lost in the internal resistance, and only what is left is dissipated by the external resistor. 


iss 
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25.82. 


25.83. 


25.84. 


25.85. 


IDENTIFY and SET Up: The terminal voltage is V,, = € —Ir = IR, where R is the resistance connected to the 


battery. During the charging the terminal voltage is V,,=€+Jr. P=VI and energy is E =Pt. I’r is the rate at 
which energy is dissipated in the internal resistance of the battery. 
EXECUTE: (a) V,, =€+ Ir =12.0 V +(30 A) (0.24 Q) =19.2 V. 
(b) E = Pt = IVt = (30 A) (19.2 V) (1.7) (3600s) =3.53 x 10° J. 
(©) Evie = Pist = I Rt = (30 A)? (0.24 Q) (1.7) (3600 s) = 1.32 x 10° J. 
-Ir 12.0 V - (30 A) (0.240 
eg E iia V-(30A)( ) 
r+R I 30A 
(e) E = Pt = I’ Rt = (30 A)’ (0.16 Q) (1.7) (3600 s) =8.81x10° J. 
(£) Since the current through the internal resistance is the same as before, there is the same energy dissipated as in 
(c): Eis =1.32 x 10° J. 
(g) Again, part of the energy originally supplied was stored in the battery and part was lost in the internal 
resistance. So the stored energy was less than what was supplied during charging. Then when discharging, even 
more energy is lost in the internal resistance, and what is left is dissipated over the external resistor. This time, at a 
higher current, much more energy is lost in the internal resistance. Slow charging and discharging is more energy 


efficient. 
IDENTIFY and SET UP: Follow the steps specified in the problem. 


Va ca, 
m E 


(d) Discharged at 30 A: I= =0.16Q. 


iss 


EXECUTE: (a) 2 F =ma=\q|E gives 


(b) If the electric field is constant, V,, = EL and lal = = 
m be 
(c) The free charges are “left behind” so the left end of the rod is negatively charged, while the right end is 


positively charged. Thus the right end, point c, is at the higher potential. 
(ie V, |a| _ (1.0 x10° V) (1.6x10™ C) 

mL (9.11x 107! kg) (0.50 m) 
EVALUATE: (e) Performing the experiment in a rotational way enables one to keep the experimental apparatus in 
a localized area—whereas an acceleration like that obtained in (d), if linear, would quickly have the apparatus 
moving at high speeds and large distances. Also, the rotating spool of thin wire can have many turns of wire and 
the total potential is the sum of the potentials in each turn, the potential in each turn times the number of turns. 
IDENTIFY: E-IR-V=0 


=3.5 x 10% m/s”. 


SETUP: With T=293K, a =39.6V". 
EXECUTE: (a) €=/R+V gives 2.00 V =/(1.0Q)+V . Dropping units and using the expression given in the 
problem for J, this becomes 2.00 = J,[exp(eV/kT) —1] + V. 


(b) For J, =1.50x10° Aand T =293K, 1333 =exp[39.6V]—1+667V. Trial and error shows that the right-hand 
side (rhs) above, for specific V values, equals 1333 V when V =0.179 V. The current then is 


just J = I,[exp(39.6 V) - 1] =(1.5x 107 A)(exp([39.6][0.179]) —1]) =1.80 A. 

EVALUATE: The voltage across the resistor R is 1.80 V. The diode does not obey Ohm’s law. 
IDENTIFY: Apply R= pe to find the resistance of a thin slice of the rod and integrate to find the total R. 
V =IR. Also find R(x), the resistance of a length x of the rod. 

SETUP: E(x)=p(x)J 


(a) dr=2 dx _ py expl=x/L]dx | 
A A 


EXECUTE: 


L 
R=" [exp[- x/L] dx =" [- Lexpl—x/L1h = Le (l-e"') and [== 


0 


VA 
pL—e") 


. With an upper limit of x 
rather than L in the integration, R(x) = Pk(i =e +) : 


Ip, et View 
b) E(x) = p(x) J =— ae i 
OO ay may ey 
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A L -x/L ol 
O V =V,-IR(x). V=V, ho = (4 Je gear Se) 
pL- ] )\ A (l-e) 
(d) Graphs of resistivity, electric field and potential from x =0 to L are given in Figure 25.85. Each quantity is 
given in terms of the indicated unit. 
EVALUATE: The current is the same at all points in the rod. Where the resistivity is larger the electric field must 
be larger, in order to produce the same current density. 
1.00 1.60 
0.80 1.20 
Resistivity 9-60 Electric field ‘a0 
(Po) 0.40 (Vo/L) ; 
0.20 0.40 
0.00 000 limi 
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00 
x (L) x (L) 
1.00 
0.80 
Potential 0.60 
V, 
Mo 040 
0.20 
0.00 
0.00 0.20 0.40 0.60 0.80 1.00 
x (L) 
Figure 25.85 
25.86. IDENTIFY: The power output of the source is VI = (E —Ir)I. 
SET Up: The short-circuit current is Z port circuit = E/T 
2 dP i 1E 1 
EXECUTE: (a) P=EI -Tr ,so a € —2Ir=0 for maximum power output and J, max = Fp T short circuit 
r 
; E 1E 
(b) For the maximum power output of part (a), IZ = =—— . r+R=2r and R=r. 
r+R 2r 
2 2 
Then, P =I°R = (=) pee 
2r 4r 
EVALUATE: When R is smaller than r, / is large and the 7°r losses in the battery are large. When R is larger than 
r, I is small and the power output EI of the battery emf is small. 
25.87. ap. 


é 1 : . . ; 
IDENTIFY: Use a=-n/T ina= Oar to get a separable differential equation that can be integrated. 
p 


SETUP: For carbon, 9 =3.5x10% Q-m and a =-5x10* (K)”. 
(22) - n ndT _dp mT) =Ia(py=s p= a 
p\dT T T p T" 


(b) n =-aT =-(— 5x10 (K)") (293 K) =0.15. 


EXECUTE: (a) @= 


p= - => a= pT" =(3.5x 10 Q-m) (293 K)™" =8.0x10° Q-m-K*5, 


-5 
(© T=-19%°C=77K: P= ons 43x10" Om. 
-5 
T =-300°C=573K: P= gT T20 Om. 


EVALUATE: is negative and decreases as T decreases, so p changes more rapidly with temperature at lower 


temperatures. 
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26.1. 


26.2. 


26.3. 


26.4. 


26.5. 


IDENTIFY: The newly-formed wire is a combination of series and parallel resistors. 

SETUP: Each of the three linear segments has resistance R/3. The circle is two R/6 resistors in parallel. 
EXECUTE: The resistance of the circle is R/12 since it consists of two R/6 resistors in parallel. The equivalent 
resistance is two R/3 resistors in series with an R/6 resistor, giving Reguiy = R/3 + R/3 + R/12 = 3R/4. 
EVALUATE: The equivalent resistance of the original wire has been reduced because the circle’s resistance is less 
than it was as a linear wire. 

IDENTIFY: It may appear that the meter measures X directly. But note that X is in parallel with three other 
resistors, so the meter measures the equivalent parallel resistance between ab. 

SETUP: We use the formula for resistors in parallel. 

EXECUTE: 1/(2.00 Q) = 1/X + 1/(15.0 Q) + 1/(5.0 Q) + 1/(10.0 Q), so X= 7.5 Q. 

EVALUATE: _X is greater than the equivalent parallel resistance of 2.00 Q. 

(a) IDENTIFY: Suppose we have two resistors in parallel, with R, < R,. 


At, ak 
— + — 
R R, 


: : . i 
SETUP: The equivalent resistance is — = 
eq 


é 1 1.1 1 1 
EXECUTE: Itis always true that — + — > — . Therefore —— > — and R,, <R,. 
1 R, 1 eq 1 
EVALUATE: The equivalent resistance is always less than that of the smallest resistor. 
(b) IDENTIFY: Suppose we have N resistors in parallel, with R, < R, <+- < Ry- 


; ; . 1l | 1 
SET Up: The equivalent resistance is bees 
eq R, R, Ry 
: 1 1 | Peas | 1 1 
EXECUTE: It is always true that — + beset >—. Therefore —— > — and Rq < R,- 
R R, Ry R, eq 1 


EVALUATE: The equivalent resistance is always less than that of the smallest resistor. 
IDENTIFY: For resistors in parallel the voltages are the same and equal to the voltage across the equivalent 
resistance. 


SETUP: V=IR. Lai + l ; 

Ra R, R, 

1 Kee 

EXECUTE: (a) R,, = =12.3Q, 

1 (329 202 

240 
(b) r- -2V 2195A 
R, 123Q 
V 240V V 240V 

OR OG E a 


EVALUATE: More current flows through the resistor that has the smaller R. 

IDENTIFY: The equivalent resistance will vary for the different connections because the series-parallel 
combinations vary, and hence the current will vary. 

SETUP: First calculate the equivalent resistance using the series-parallel formulas, then use Ohm’s law (V = RD) 
to find the current. 

EXECUTE: (a) 1/R = 1/(15.0 Q) + 1/(30.0 Q) gives R = 10.0 Q. 1 = V/R = (35.0 V)/(10.0 Q) = 3.50 A. 

(b) 1/R = 1/(10.0 Q) + 1/(35.0 Q) gives R = 7.78 Q. I = (35.0 V)/(7.78 Q) = 4.50 A 

(c) 1/R = 1/(20.0 Q) + 1/(25.0 Q) gives R = 11.11 Q, so Z= (35.0 V)/(11.11 Q) =3.15 A. 
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26-2 Chapter 26 

(d) From part (b), the resistance of the triangle alone is 7.78 Q. Adding the 3.00-Q internal resistance of the battery 
gives an equivalent resistance for the circuit of 10.78 Q. Therefore the current is J = (35.0 V)/(10.78 Q) = 3.25 A 
EVALUATE: It makes a big difference how the triangle is connected to the battery. 

26.6. IDENTIFY: The potential drop is the same across the resistors in parallel, and the current into the parallel 
combination is the same as the current through the 45.0-Q resistor. 
(a) SET Up: Apply Ohm’s law in the parallel branch to find the current through the 45.0-© resistor. Then apply 
Ohm’s law to the 45.0-Q resistor to find the potential drop across it. 
EXECUTE: The potential drop across the 25.0-Q resistor is V25 = (25.0 Q)(1.25 A) = 31.25 V. The potential drop 
across each of the parallel branches is 31.25 V. For the 15.0-Q resistor: J15 = (31.25 V)/(15.0 Q) = 2.083 A. The 
resistance of the 10.0-Q + 15.0 Q combination is 25.0 Q, so the current through it must be the same as the current 
through the upper 25.0 Q resistor: J)9+;5 = 1.25 A. The sum of currents in the parallel branch will be the current 
through the 45.0-Q resistor. 

Iroa = 1.25 A + 2.083 A+ 1.25A=4.58A 

Apply Ohm’s law to the 45.0 Q resistor: V45 = (4.58 A)(45.0 Q) = 206 V 
(b) SET Up: First find the equivalent resistance of the circuit and then apply Ohm’s law to it. 
EXECUTE: The resistance of the parallel branch is 1/R = 1/(25.0 Q) + 1/(15.0 Q) + 1/(25.0 Q), so R = 6.82 Q. 
The equivalent resistance of the circuit is 6.82 Q + 45.0 Q + 35.00 Q = 86.82 Q. Ohm’s law gives Vga= 
(86.62 ()(4.58 A) = 398 V. 
EVALUATE: The emf of the battery is the sum of the potential drops across each of the three segments (parallel 
branch and two series resistors). 

26.7. IDENTIFY: First do as much series-parallel reduction as possible. 
SETUP: The 45.0-Q and 15.0-Q resistors are in parallel, so first reduce them to a single equivalent resistance. 
Then find the equivalent series resistance of the circuit. 
EXECUTE: = 1/R, = 1/(45.0 Q) + 1/(15.0 Q) and R, = 11.25 Q. The total equivalent resistance is 
18.0 Q + 11.25 Q + 3.26 Q = 32.5 Q. Ohm’s law gives J = (25.0 V)/(32.5 Q) = 0.769 A. 
EVALUATE: The circuit appears complicated until we realize that the 45.0-Q and 15.0-Q resistors are in parallel. 

26.8. IDENTIFY: Eq.(26.2) gives the equivalent resistance of the three resistors in parallel. For resistors in parallel, the 


voltages are the same and the currents add. 
(a) SETUP: The circuit is sketched in Figure 26.8a. 


E = 28.0 V EXECUTE: parallel 
1 1 1 1 
— = + — + 
Ra R, R, R, 
i ee ees eee ye 
Ra 1.602 2402 4800 
R; A R =0.800 Q 


Figure 26.8a 


(b) For resistors in parallel the voltage is the same across each and equal to the applied voltage; 
V =V, =V, =E =28.0 V 
V, 28.0 V 


V =IR sol, 17.5 A 
1.602 
. 28. 
pe eS friade e A 
R, 2402 R, 489 


(c) The currents through the resistors add to give the current through the battery: 
I=1 +1, +1,=17.5 A +11.7 A+5.8 A =35.0 A 


EVALUATE: Alternatively, we can use the equivalent resistance R,, as shown in Figure 26.8b. 


E= 28.0 V E-IRa = 
q I-E- 28.0 V L350 A, 
| R, 0.800 O 
Rog = 0.800 Q 
q which checks 


Figure 26.8b 


(d) As shown in part (b), the voltage across each resistor is 28.0 V. 
(e) IDENTIFY and SETUP: We can use any of the three expressions for P: P=VI =I’R =V°/R. They will all 
give the same results, if we keep enough significant figures in intermediate calculations. 
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26.9. 


26.10. 


26.11. 


28.0 VÝ 28.0 VY 
EXECUTE: Using P=V°/R, P=V2/R, -Í ) =490 W, P, =V} / R, A ) =327 W, and 
1.60 Q 2.409 
28.0 V} 
P, =V} IR, SEROVI u W 
4.80 Q 


EVALUATE: The total power dissipated is P „ = B + P, + P, =980 W. This is the same as the power 
P, = EI = (2.80 V)(35.0 A)=980 W delivered by the battery. 
(£) P=V7/R. The resistors in parallel each have the same voltage, so the power P is largest for the one with the 


least resistance. 
IDENTIFY: For a series network, the current is the same in each resistor and the sum of voltages for each resistor 


equals the battery voltage. The equivalent resistance is R,, =R, +R, +R,. P=I Re 
SETUP: Let R =1.600, R,=2400, R, =4.80Q. 
EXECUTE: (a) R,, =1.60 Q +2.40 Q + 4.80 Q =8.80 Q 


(by r= = 28.0 
Ra 8.800 


eq 


=3.18 A 


(c) Z =3.18 A, the same as for each resistor. 

(d) V, =JR, =(.18 A)(1.60 Q)=5.09 V . V, =IR, = (3.18 A)(2.40 Q)=7.63 V. 

V, = IR, = (3.18 A)(4.80 QO) =15.3 V . Note that V, +V, +V, =28.0 V. 

(e) P = PR, =(3.18 A}? (1.60 Q) =16.2 W . P, = PR, =(3.18 A)?’ (2.40 Q) = 24.3 W. 

P, = I'R, = (3.18 A)’ (4.80 Q) =48.5W. 

(£) Since P=/°R and the current is the same for each resistor, the resistor with the greatest R dissipates the 
greatest power. 


EVALUATE: When resistors are connected in parallel, the resistor with the smallest R dissipates the greatest power. 
(a) IDENTIFY: The current, and hence the power, depends on the potential difference across the resistor. 


SETUP: P=V°/R 

EXECUTE: (a) V =VPR =,/(5.0 W)(15,000 Q) =274 V 

(b) P=V7/R = (120 V} /(9,000 Q) =1.6 W 

SETUP: (c) If the larger resistor generates 2.00 W, the smaller one will generate less and hence will be safe. 


Therefore the maximum power in the larger resistor must be 2.00 W. Use P=/°R to find the maximum current 
through the series combination and use Ohm’s law to find the potential difference across the combination. 
EXECUTE: P=I°R gives I= P/R = (2.00 W)/(150 Q) = 0.0133 A. The same current flows through both 
resistors, and their equivalent resistance is 250 Q. Ohm’s law gives V = IR = (0.0133 A)(250 Q) = 3.33 V. 
Therefore Ps = 2.00 W and Py =/°R = (0.0133 A)(100 Q) = 0.0177 W. 


EVALUATE: Ifthe resistors in a series combination all have the same power rating, it is the largest resistance that 


limits the amount of current. 
: : eae Eee RR, 
IDENTIFY: For resistors in parallel, the voltages are the same and the currents add. — = tes so Rq = ESA 
+ 
2 1 2 


eq 1 
For resistors in series, the currents are the same and the voltages add. R,, =R, + R,. 
SETUP: The rules for combining resistors in series and parallel lead to the sequences of equivalent circuits 
shown in Figure 26.11. 


EXECUTE: R,, =5.00 Q . In Figure 26.1 1c, I = uN 
: 5.00 Q 


=12.0 A . This is the current through each of the 


resistors in Figure 26.11b. V, = ZR, = (12.0 A)(2.00 Q) = 24.0 V . V,, = JR,, = (12.0 A)(3.00 Q) = 36.0 V . Note 


: 24. 
that V,,+V,, =60.0 V . V, is the voltage across R, and across R, ,so J, = Henan =8.00 A and 
R 3.009 
, ; 36.0 
= Miss cana =4.00 A . V,, is the voltage across R, and across R,,so J, = Ui ve 3.00 A and 
6.00 Q R 12.000 


=9.00A. 
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EVALUATE: Note that J, +/,=1,+J,. 
£ 
E E 
R; R3 
R R; Ry R34 Req 
(a) (b) (9 
Figure 26.11 
26.12. IDENTIFY: Replace the series combinations of resistors by their equivalents. In the resulting parallel network the 
battery voltage is the voltage across each resistor. 
SETUP: The circuit is sketched in Figure 26.12a. 
E = 48.0 V 
EXECUTE: R and R, in series have an equivalent 
Ri = 1.002 R, = 3.000 resistance of R, = R, + R, = 4.00 Q 
R, and R, in series have an equivalent resistance of 
R =R, +R, =12.00 
R;=7.00Q2 R, = 5.000 
Figure 26.12a 
The circuit is equivalent to the circuit sketched in Figure 26.12b. 
redid R, and R,, in parallel are equivalent to 
R,, given by Bo H L Reti 
R = 4.000 Roa Ro Ry RyRy, 
= RoR 
i Ry a Ry 
4.00 Q)(12.0Q 
2 Ea) J ) 3.000 
R, = 1200 4.00 Q +12.0 Q 
Figure 26.12b 
The voltage across each branch of the parallel combination is €, so €-1,,R,, =0. 
: _ E _48.0V -120 A 
R, 4009 
48. 
E Age E D 
R, 120Q 
The current is 12.0 A through the 1.00 Q and 3.00 Q resistors, and it is 4.0 A through the 7.00 Q and 5.00 Q resistors. 
EVALUATE: The current through the battery is J =/,, + J,,=12.0 A+4.0 A=16.0 A, and this is equal to 
E/R — 48.0 V/3.00 Q=16.0 A. 
26.13. IDENTIFY: In both circuits, with and without R4, replace series and parallel combinations of resistors by their 


equivalents. Calculate the currents and voltages in the equivalent circuit and infer from this the currents and 
voltages in the original circuit. Use P=J°R to calculate the power dissipated in each bulb. 
(a) SETUP: The circuit is sketched in Figure 26. 13a. 


EXECUTE: &,, R}, and R, are in 
parallel, so their equivalent resistance 


ae 1 1 1 
is given by =—4 H 
i R, R R R, 


eq 


R, 


Figure 26.13a 


1 3 


R 450Q 


eq 


and Roa =1.50 Q. 
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The equivalent circuit is drawn in Figure 26.13b. 


Figure 26.13b 


9.00 V 
~ 4.50 Q+1.50Q 
Then V, = LR, =(1.50 A)(4.50 Q) =6.75 V 
Iq = 1.50 A, Vo, =La Req = (1.50 A)(1.50 Q) = 2.25 V 
For resistors in parallel the voltages are equal and are the same as the voltage across the equivalent resistor, so 
V, =V,=V,=2.25 V. 
V; 


e Var N 9 500:A = 0 SUA T= ENA 
R, 4.502 R, R, 


EVALUATE: Note that /,+/,+/,=1.50 A, which is /,,. For resistors in parallel the currents add and their sum 


=1.50 AandJ, =1.50A 


is the current through the equivalent resistor. 
(b) SETUP: P=I°R 
EXECUTE: P =(1.50 A) (4.50 Q)=10.1 W 


P =P =P = (0.500 A) (4.50 Q) =1.125 W, which rounds to 1.12 W. R, glows brightest. 


EVALUATE: Note that P, +P, + P, =3.37 W. This equals P, = IR = (1.50 A)’ (1.50 Q) =3.37 W, the power 
dissipated in the equivalent resistor. 
(c) SETUP: With R, removed the circuit becomes the circuit in Figure 26.13c. 
EXECUTE: R, and R, are in parallel and 
their equivalent resistance R,, is given by 
1 La. 2 


=—+—= and R,, = 2.250 
R, R R 4500 3 


eq 


Figure 26.13c 


The equivalent circuit is shown in Figure 26.13d. 


_ 900V 
4.50 Q +2.25 Q 


=1.333 A 


Figure 26.13d 
I, =1.33 A, V, = R, = (1.333 A)(4.50 Q) = 6.00 V 
La =1.33 A, Voq = LeqgReq = (1.333 A)(2.25 Q) = 3.00 V and V, =V, =3.00 V. 


eq**eq T 


_V, 300V 


Ioe =0.667 A, pA =0.667A 

R, 4500 R, 
(d) SETUP: P=I°R 
EXECUTE: P = (1.333 A)’ (4.50 Q) =8.00 W 
P, = P, = (0.667 A)’ (4.50 Q) = 2.00 W. 
(e) EVALUATE: When R, is removed, P, decreases and P, and P; increase. Bulb R, glows less brightly and bulbs 
R, and R; glow more brightly. When R, is removed the equivalent resistance of the circuit increases and the current 
through R, decreases. But in the parallel combination this current divides into two equal currents rather than three, 
so the currents through R, and R; increase. Can also see this by noting that with R, removed and less current 
through R; the voltage drop across R; is less so the voltage drop across R, and across R, must become larger. 
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26.14. 


26.15. 


26.16. 


26.17. 


IDENTIFY: Apply Ohm's law to each resistor. 
SET Up: For resistors in parallel the voltages are the same and the currents add. For resistors in series the currents 
are the same and the voltages add. 
EXECUTE: From Ohm’s law, the voltage drop across the 6.00 Q resistor is V = JR = (4.00 A)(6.00 Q) = 24.0 V. 
The voltage drop across the 8.00 Q resistor is the same, since these two resistors are wired in parallel. The current 
through the 8.00 Q resistor is then J= V/R = 24.0 V/8.00 Q = 3.00 A. The current through the 25.0 Q resistor is the 
sum of these two currents: 7.00 A. The voltage drop across the 25.0 Q resistor is V = JR = (7.00 A)(25.0 Q) = 175 V, 
and total voltage drop across the top branch of the circuit is 175 V + 24.0 V = 199 V, which is also the voltage 
drop across the 20.0 Q resistor. The current through the 20.0 Q resistor is then J =V/R =199 V/20 Q =9.95 A. 
EVALUATE: The total current through the battery is 7.00 A +9.95 A =16.95 A. Note that we did not need to 
calculate the emf of the battery. 
IDENTIFY: Apply Ohm's law to each resistor. 
SET Up: For resistors in parallel the voltages are the same and the currents add. For resistors in series the currents 
are the same and the voltages add. 
EXECUTE: The current through 2.00-© resistor is 6.00 A. Current through 1.00-Q resistor also is 6.00 A and the 
voltage is 6.00 V. Voltage across the 6.00-Q resistor is 12.0 V + 6.0 V = 18.0 V. Current through the 6.00-Q 
resistor is (18.0 V)/(6.00 Q) =3.00 A. The battery emf is 18.0 V. 
EVALUATE: The current through the battery is 6.00 A + 3.00 A = 9.00 A. The equivalent resistor of the resistor 
network is 2.00 Q, and this equals (18.0 V)/(9.00 A). 
IDENTIFY: The filaments must be connected such that the current can flow through each separately, and also 
through both in parallel, yielding three possible current flows. The parallel situation always has less resistance than 
any of the individual members, so it will give the highest power output of 180 W, while the other two must give 
power outputs of 60 W and 120 W. 
SETUP: P= V?/R, where R is the equivalent resistance. 

y? _ (120 Vv)’ y? _ (120 Vv)’ 


EXECUTE: (a) 60 W =— gives R =————=240Q. 120 W=— gives R, 
Ri 60 W R, 120 W 


2; 2 
Ais _300 and P= = WO 
R +R, Roa 80 Q 
(b) If R, burns out, the 120 W setting stays the same, the 60 W setting does not work and the 180 W setting goes to 
120 W: brightnesses of zero, medium and medium. 
(c) If R, burns out, the 60 W setting stays the same, the 120 W setting does not work, and the 180 W setting is now 
60 W: brightnesses of low, zero and low. 
EVALUATE: Since in each case 120 V is supplied to each filament network, the lowest resistance dissipates the 
greatest power. 
IDENTIFY: For resistors in series, the voltages add and the current is the same. For resistors in parallel, the 
voltages are the same and the currents add. P = 17R. 
(a) SETUP: The circuit is sketched in Figure 26.17a. 

F R, = 400 0 


V.=120V For resistors in series the current 
abo oo is the same through each. 


L 
á R, = 8000 
Figure 26.17a 


=120 Q. For these 


two resistors in parallel, Roa = =180 W , which is the desired value. 


EXECUTE: Ra =R +R, =1200 Q9. I= LA = IHAA =0.100 A. This is the current drawn from the line. 
R 1200 Q 


eq 
(b) P =//R, = (0.100 A)? (400 Q) =4.0 W 
P, = ÈR, = (0.100 A)’ (800 Q) =8.0 W 

(c) Pau =A +P, =12.0 W, the total power dissipated in both bulbs. Note that 


P,=V,,1 =(120 V)(0.100 A) =12.0 W, the power delivered by the potential source, equals Pout. 
(d) SETUP: The circuit is sketched in Figure 26.17b. 


z 


Vi» = 120 V 


For resistors in parallel the voltage 
2 across each resistor is the same. 


Figure 26.17b 
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26.18. 


26.19. 


26.20. 


EXECUTE: 1 shot AN ysg A, 1, E 2 ONE 80 A 

R 400Q R, 8000 
EVALUATE: Note that each current is larger than the current when the resistors are connected in series. 
(e) EXECUTE: P =//R, =(0.300 A)?’ (400 Q) =36.0 W 
P, = IFR, = (0.150 A)’ (800 Q) =18.0 W 
(£) Pa =B +P, = 54.0 W 
EVALUATE: Note that the total current drawn from the line is J = J, + J, = 0.450 A. The power input from the 
line is P, =V 7 =(120 V)(0.450 A) =54.0 W, which equals the total power dissipated by the bulbs. 
(g) The bulb that is dissipating the most power glows most brightly. For the series connection the currents are the 
same and by P=/°R the bulb with the larger R has the larger P; the 800 Q bulb glows more brightly. For the 
parallel combination the voltages are the same and by P=V’"/R the bulb with the smaller R has the larger P; the 
400 Q bulb glows more brightly. 


(h) The total power output P, I, so P 


out 


equals P, =V, 


ab 


is larger for the parallel connection where the current 


ut 
drawn from the line is larger (because the equivalent resistance is smaller.) 

IDENTIFY: Use P=V°/R with V =120 V and the wattage for each bulb to calculate the resistance of each bulb. 
When connected in series the voltage across each bulb will not be 120 V and the power for each bulb will be 
different. 

SET Up: For resistors in series the currents are the same and Rq =R, + R,. 


Vv? (120 vy’ y? (120 vy’ 
EXECUTE: (a) Roy =—=-——— = 240 Q: Rey =$— = = 72. 
(a) Row P 60W 20W p 200 W 
Therefore, Loy, = Low = 2 20N =0.769 A. 


R (2402+72Q) 
(b) Pow = Z°R = (0.769 AX’ (240 Q) =142 W; Pow =17R =(0.769 A)?’ (72 Q) = 42.6 W. 

(c) The 60 W bulb burns out quickly because the power it delivers (142 W) is 2.4 times its rated value. 
EVALUATE: In series the largest resistance dissipates the greatest power. 

IDENTIFY and SET UP: Replace series and parallel combinations of resistors by their equivalents until the circuit 
is reduced to a single loop. Use the loop equation to find the current through the 20.0 Q resistor. Set P=J°R for 
the 20.0 Q resistor equal to the rate Q/t at which heat goes into the water and set Q = mcAT. 


EXECUTE: Replace the network by the equivalent resistor, as shown in Figure 26.19. 
10.00 10.00 20.0 Q 


MWS 


10.0 Q 


Figure 26.19 
30.0 V -7 (20.0 Q+5.0 Q+5.0 Q)=0; 7 =1.00 A 
For the 20.0-Q resistor thermal energy is generated at the rate P = I’R =20.0 W. Q = Pt and Q=mcAT gives 


MCAT _ (0.100 kg)(4190 J/kg - K)(48.0 C°) 


P 20.0 W 
EVALUATE: The battery is supplying heat at the rate P = EI = 30.0 W. In the series circuit, more energy is 
dissipated in the larger resistor (20.0 Q) than in the smaller ones (5.00 Q). 


=1.01x10° s 


IDENTIFY: P=I°R determines R,. R,, R, and the 10.0 Q resistor are all in parallel so have the same voltage. 
Apply the junction rule to find the current through R, . 


SETUP: P=I°R for a resistor and P = £I for an emf. The emf inputs electrical energy into the circuit and 
electrical energy is removed in the resistors. 

EXECUTE: (a) P =//R,. 20 W=(2 A} R and R, =5.00Q. R, and 10Q are in parallel, so 

(10 O). =(5 Q)2 A) and Z =1A. So J, =3.50 A-I,-1,, =0.50 A. R and R, are in parallel, so 

(0.50 A)R, =(2 A)(5 Q) and R, = 20.002. 

(b) € =V, =(2.00 A)(5.00 Q) =10.0 V 

(c) From part (a), J, =0.500 A, Z =1.00A 
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(d) P =20.0 W (given). P, = IŻR, = (0.50 A)’ (20 Q) =5.00 W. P, = IZR = (1.0 A) (10 Q) =10.0 W . The total 
esit = 20 W +5 W +10 W =35.0 W. The total rate at which 
=1€ = (3.50 A)(10.0 V) =35.0 W . Prog =P, 


Battery ? 


rate at which the resistors remove electrical energy is P, 


the battery inputs electrical energy is P. which agrees with 


Battery esist 
conservation of energy. 
EVALUATE: The three resistors are in parallel, so the voltage for each is the battery voltage, 10.0 V. The currents 
in the three resistors add to give the current in the battery. 

26.21. IDENTIFY: Apply Kirchhoff's point rule at point a to find the current through R. Apply Kirchhoff's loop rule to 
loops (1) and (2) shown in Figure 26.21a to calculate R and €. Travel around each loop in the direction shown. 


(a) SET UP: 


(3) > 


4.00 A 6.00 Q 
<— 


6.00 a| 


Figure 26.21a 


EXECUTE: Apply Kirchhoffs point rule to point a: bw =0 so Z +4.00 A—6.00 A=0 
I= 2.00 A (in the direction shown in the diagram). 

(b) Apply Kirchhoffs loop rule to loop (1): —(6.00 A)(3.00 Q) = (2.00 A)R +28.0 V=0 
-18.0 V - (2.00 Q)R+28.0 V=0 


R= 28.0 V —18.0 V 
2.00 A 

(c) Apply Kirchhoffs loop rule to loop (2): —(6.00 A)(3.00 Q)-(4.00 A)(6.00 Q) +E=0 

E=18.0 V +24.0 V =42.0 V 

EVALUATE: Can check that the loop rule is satisfied for loop (3), as a check of our work: 

28.0 V-E+(4.00 A)(6.00 Q) —(2.00 A)R =0 

28.0 V—42.0 V+24.0 V (2.00 A)(5.00 Q) =0 

52.0 V =42.0 V+10.0 V 

52.0 V =52.0 V, so the loop rule is satisfied for this loop. 

(d) IDENTIFY: Ifthe circuit is broken at point x there can be no current in the 6.00 Q resistor. There is now only 


a single current path and we can apply the loop rule to this path. 
SETUP: The circuit is sketched in Figure 26.21b. 


=5.00 2 


6.00 Q 


3.00 Q 


Figure 26.21b 


EXECUTE: +28.0 V—(3.00 Q)/ —(5.00 Q)/ =0 


728.0 


~ 8.00.2 
EVALUATE: Breaking the circuit at x removes the 42.0 V emf from the circuit and the current through the 
3.00 resistor is reduced. 


=3.50A 
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26.22. IDENTIFY: Apply the loop rule and junction rule. 
SETUP: The circuit diagram is given in Figure 26.22. The junction rule has been used to find the magnitude and 
direction of the current in the middle branch of the circuit. There are no remaining unknown currents. 
EXECUTE: The loop rule applied to loop (1) gives: 

+20.0 V - (1.00 A)(1.00 Q) + (1.00 A)(4.00 Q) + (1.00 A)\(1.00 Q) —€, - (1.00 A)(6.00 Q) =0 


E, = 20.0 V —1.00 V + 4.00 V +1.00 V —6.00 V =18.0 V . The loop rule applied to loop (2) gives: 

+20.0 V —(1.00 A)(1.00 Q) — (2.00 A)(1.00 Q) — €, — (2.00 A)(2.00 Q) — (1.00 A)(6.00 Q) =0 

E, = 20.0 V —1.00 V -2.00 V—4.00 V -6.00 V =7.0 V . Going from b to a along the lower branch, 

V, + (2.00 A)(2.00 Q)+7.0 V+(2.00 A)(1.00 Q)=V, . V, -V, =-13.0 V ; point b is at 13.0 V lower potential 


than point a. 
EVALUATE: We can also calculate V,—V, by going from b to a along the upper branch of the circuit. 


V, —(1.00 A)(6.00 Q) + 20.0 V —(1.00 A)(1.00 Q) =V, and V,-—V, =-13.0 V . This agrees with V, —V, calculated 
along a different path between b and a. 


i 
1.009 20.0 V 6.009 


Figure 26.22 


26.23. IDENTIFY: Apply the junction rule at points a, b, c and d to calculate the unknown currents. Then apply the loop 
rule to three loops to calculate £, E, and R. 
(a) SETUP: The circuit is sketched in Figure 26.23. 


Figure 26.23 


EXECUTE: Apply the junction rule to point a: 3.00 A +5.00 A-7, =0 

I, =8.00 A 

Apply the junction rule to point b: 2.00 A +7, -3.00 A=0 

I,=1.00 A 

Apply the junction rule to point c: J, -—I,—JI, =0 

I,=1,-1,=8.00 A-1.00 A=7.00 A 

EVALUATE: As a check, apply the junction rule to point d: J, -2.00 A -5.00 A=0 
1,=7.00 A 
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26.24. 


26.25. 


(b) EXECUTE: Apply the loop rule to loop (1): E,—(3.00 A)(4.00 Q)—J,(3.00 Q) =0 
E =12.0 V+(8.00 A)(3.00 Q) =36.0 V 
Apply the loop rule to loop (2): E, —(5.00 A)(6.00 Q)-1, (3.00 Q) =0 
E, =30.0 V +(8.00 A)(3.00 Q) = 54.0 V 
(c) Apply the loop rule to loop (3): —(2.00 A)R-E, +E, =0 
_€&-E, 54.0 V-36.0V 


2.00 A 2.00 A 
EVALUATE: Apply the loop rule to loop (4) as a check of our calculations: 
—(2.00 A)R -(3.00 A)(4.00 Q)+(5.00 A)(6.00 Q) =0 


—(2.00 A)(9.00 Q)-12.0 V +30.0 V=0 


—18.0 V +18.0 V=0 
IDENTIFY: Use Kirchhoff’s Rules to find the currents. 
SET Up: Since the 1.0 V battery has the larger voltage, assume J, is to the left through the 10 V battery, J, is to 


the right through the 5 V battery, and J, is to the right through the 10 resistor. Go around each loop in the 


counterclockwise direction. 
EXECUTE: Upper loop: 10.0 V — (2.00 Q+ 3.00 Q)1, — (1 .00 Q +4.00 Q)1, —5.00 V =0. This gives 


5.0 V - (5.00 Q)7, - (5.00 Q)Z, =0, and > 1,+1,=1.00A. 
Lower loop: 5.00 V + (1.00 Q + 4.00 Q)/, - (10.0 Q)/, =0 . This gives 5.00 V +(5.00 Q)/, - (10.0 Q)/, =0, and 
L, -21 = -1.00 A 


Along with 7, =/,+J,, we can solve for the three currents and find: 


=9.00 Q 


I, =0.800 A, J, =0.200 A, J, = 0.600 A. 


(b) V, =-(0.200 A) (4.00 Q) - (0.800 A)(3.00 Q) =-3.20 V. 


EVALUATE: Traveling from b to a through the 4.00 Q and 3.00 Q resistors you pass through the resistors in the 
direction of the current and the potential decreases; point b is at higher potential than point a. 

IDENTIFY: Apply the junction rule to reduce the number of unknown currents. Apply the loop rule to two loops 
to obtain two equations for the unknown currents 7, and Z, 


(a) SETUP: The circuit is sketched in Figure 26.25. 


Figure 26.25 


Let J, be the current in the 3.00 Q resistor and J, be the current in the 4.00 Q resistor and assume that these 
currents are in the directions shown. Then the current in the 10.0 Q resistor is J, = J,—J,, in the direction shown, 
where we have used Kirchhoff s point rule to relate /; to J, and J. If we get a negative answer for any of these 


currents we know the current is actually in the opposite direction to what we have assumed. Three loops and 
directions to travel around the loops are shown in the circiut diagram. Apply Kirchhoff's loop rule to each loop. 


EXECUTE: loop (1 
+10.0 V—J,(3.00 Q)-J,(4.00 Q)+5.00 V —J, (1.00 Q)-7,(2.00 Q)=0 


15.00 V—(5.00 Q) 1, -(5.00 Q)1, =0 
3.00 A-J,-1, =0 
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loop (2 

+5.00 V —1,(1.00 Q)+ (7, — 7,)10.0 Q- 1, (4.00 Q) =0 

5.00 V + (10.0 Q)/,- (15.0 Q)/, =0 

1.00 A + 2.007, —3.00/, =0 

The first equation says J, =3.00 A-J.. 

Use this in the second equation: 1.00 A +2.00/, —9.00 A+3.00/, =0 
5.007, =8.00 A, J, =1.60 A 

Then 7, =3.00 A-7, =3.00 A—1.60 A =1.40 A. 

I, =1,-1, =1.60 A-1.40 A=0.20 A 


EVALUATE: Loop (3) can be used as a check. 

+10.0 V—(1.60 A)(3.00 Q) — (0.20 A)(10.00 Q) — (1.60 A)(2.00 Q) =0 

10.0 V =4.8 V +2.0 V+3.2 V 

10.0 V =10.0 V 

We find that with our calculated currents the loop rule is satisfied for loop (3). Also, all the currents came out to be 
positive, so the current directions in the circuit diagram are correct. 

(b) IDENTIFY and SETUP: To find V,,=V,—V, start at point b and travel to point a. Many different routes can 


be taken from b to a and all must yield the same result for V,,. 

EXECUTE: Travel through the 4.00 © resistor and then through the 3.00 © resistor: 

V, + 1,(4.00 QO)+ 7,688.00 Q)=V, 

V,—V, =(1.40 A)(4.00 Q) + 1.60 A)(3.00 Q) =5.60 V+4.8 V =10.4 V (point a is at higher potential than point b) 
EVALUATE: Alternatively, travel through the 5.00 V emf, the 1.00 Q resistor, the 2.00 Q resistor, and the 10.0 V emf. 
V,+5.00 V-I, (1.00 Q) =; (2.00 Q) +10.0 V =V, 


V, -V,=15.0 V -(1.40 A)(1.00 Q) - (1.60 A)(2.00 Q)=15.0 V-1.40 V -3.20 V =10.4 V, the same as before. 


26.26. IDENTIFY: Use Kirchhoff’s rules to find the currents 
SET UP: Since the 20.0 V battery has the largest voltage, assume J, is to the right through the 10.0 V battery, J, 


is to the left through the 20.0 V battery, and 7, is to the right through the 10 © resistor. Go around each loop in 


the counterclockwise direction. 

EXECUTE: Upper loop: 10.0 V+(2.00 Q+ 3.00 Q)/, + (1.00 Q +4.00 Q)/, -20.00 V =0. 

-10.0 V+(5.00 Q)/, + (5.00 Q)I, =0 , so 7, +7, = +2.00 A. 

Lower loop: 20.00 V —(1.00 2+ 4.00 Q)/, —(10.0 Q)Z, =0. 

20.00 V - (5.00 Q)Z, - (10.0 Q)/, =0, so I, +21, =4.00 A. 

Along with J, =Z, + Z,, we can solve for the three currents and find J, = +0.4 A, /,=+1.6A,/,=+1.2A. 

(b) Va =1,(4 Q)4+ 18 Q)=(1.6 A)(4 Q) + (0.4 AJB Q) =7.6 V 

EVALUATE: Traveling from b to a through the 4.00 Q and 3.00 Q resistors you pass through each resistor 

opposite to the direction of the current and the potential increases; point a is at higher potential than point b. 
26.27. (a) IDENTIFY: With the switch open, the circuit can be solved using series-parallel reduction. 

SET Up: Find the current through the unknown battery using Ohm’s law. Then use the equivalent resistance of 

the circuit to find the emf of the battery. 

EXECUTE: The 30.0-Q and 50.0-Q resistors are in series, and hence have the same current. Using Ohm’s law 

Is = (15.0 V)/(50.0 Q) = 0.300 A = Lo. The potential drop across the 75.0-Q resistor is the same as the potential 

drop across the 80.0-Q series combination. We can use this fact to find the current through the 75.0-Q resistor 

using Ohm’s law: V35 = Vo = (0.300 A)(80.0 Q) = 24.0 V and 145 = (24.0 V)/(75.0 Q) = 0.320 A. 

The current through the unknown battery is the sum of the two currents we just found: 

Trota = 0.300 A + 0.320 A = 0.620 A 

The equivalent resistance of the resistors in parallel is 1/R, = 1/(75.0 Q) + 1/(80.0 Q). This gives R, = 38.7 Q. The 

equivalent resistance “seen” by the battery is Requiy = 20.0 Q + 38.7 Q = 58.7 Q. 

Applying Ohm’s law to the battery gives E = Requivltotal = (58.7 Q)(0.620 A) = 36.4 V 

(b) IDENTIFY: With the switch closed, the 25.0-V battery is connected across the 50.0-Q resistor. 

SET Up: Taking a loop around the right part of the circuit. 

EXECUTE: Ohm’s law gives J = (25.0 V)/(50.0 Q) = 0.500 A 

EVALUATE: The current through the 50.0-Q resistor, and the rest of the circuit, depends on whether or not the 

switch is open. 
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26.28. 


26.29. 


26.30. 


26.31. 


IDENTIFY: We need to use Kirchhoff’s rules. 

SET Up: Take a loop around the outside of the circuit, use the current at the upper junction, and then take a loop 
around the right side of the circuit. 

EXECUTE: The outside loop gives 75.0 V — (12.0 Q)(1.50 A) — (48.0 Q); = 0 , so I4 = 1.188 A. At a 

junction we have 1.50 A=J,+ 1.188 A, and J,= 0.313 A. A loop around the right part of the circuit gives 

E — (48 Q)(1.188 A) + (15.0 Q)(0.313 A). E€ = 52.3 V, with the polarity shown in the figure in the problem. 
EVALUATE: The unknown battery has a smaller emf than the known one, so the current through it goes against 
its polarity. 

(a) IDENTIFY: With the switch open, we have a series circuit with two batteries. 

SET Up: Take a loop to find the current, then use Ohm’s law to find the potential difference between a and b. 
EXECUTE: Taking the loop: Z= (40.0 V)/(175 Q) = 0.229 A. The potential difference between a and b is 

Vi, — V,=+15.0 V — (75.0 Q)(0.229 A) = -2.14 V. 

EVALUATE: The minus sign means that a is at a higher potential than b. 

(b) IDENTIFY: With the switch closed, the ammeter part of the circuit divides the original circuit into two 
circuits. We can apply Kirchhoff’s rules to both parts. 

SET Up: Take loops around the left and right parts of the circuit, and then look at the current at the junction. 
EXECUTE: The left-hand loop gives Jio = (25.0 V)/(100.0 Q) = 0.250 A. The right-hand loop gives 

Js = (15.0 V)/(75.0 Q) = 0.200 A. At the junction just above the switch we have 71o = 0.250 A (in) and 

Ts = 0.200 A (out) , so 74 = 0.250 A — 0.200 A = 0.050 A, downward. The voltmeter reads zero because the 
potential difference across it is zero with the switch closed. 

EVALUATE: The ideal ammeter acts like a short circuit, making a and b at the same potential. Hence the 
voltmeter reads zero. 

IDENTIFY: The circuit is sketched in Figure 26.30a. Since all the external resistors are equal, the current must be 
symmetrical through them. That is, there can be no current through the resistor R for that would imply an 
imbalance in currents through the other resistors. With no current going through R, the circuit is like that shown in 
Figure 26.30b. 


SET Up: For resistors in series, the equivalent resistance is R, = R, + R, . For resistors in parallel, the equivalent 
. ze aka Ciri 
resistance 1s — = — +— 

P R, R, 
1 1 


-1 
EXECUTE: The equivalent resistance of the circuit is R,, -(75* z5] =1Q and 7 


BN zis A. The two 
1Q 


total ~~ 


parallel branches have the same resistance, so 7 =6.5 A. The current through each 1 Q resistor is 6.5 A 


=—I 
each branch total 
2 


and no current passes through R. 
(b) As worked out above, Rq =1Q. 


(c) V =0, since no current flows through R. 


EVALUATE: (d) R plays no role since no current flows through it and the voltage across it is zero. 
1=13A 


IQ IQ 


I= 6.5A 1=65A 


13. V 
1=65A 1=65A 


IQ IQ 


(a) (b) 
Figure 26.30 


IDENTIFY: To construct an ammeter, add a shunt resistor in parallel with the galvanometer coil. To construct a 
voltmeter, add a resistor in series with the galvanometer coil. 

SET UP: The full-scale deflection current is 500 4A and the coil resistance is 25.00. 

EXECUTE: (a) For a20-mA ammeter, the two resistances are in parallel and the voltages across each are the 


same. V, =V, gives I,R, = 1,R,. (00x10 A)(25.0 Q) =(20x10* A-500x10° A)R, and R, =0.641 Q. 
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26.32. 


26.33. 


26.34. 


26.35. 


(b) For a 500-mV voltmeter, the resistances are in series and the current is the same through each: V, = (R, + R,) 
102 
y, R= 500x107 V 


and R =—*-R, = 25.00 =975Q. 
> I 500x10° A 
EVALUATE: The equivalent resistance of the voltmeter is R,, =R, + R, =1000 Q. The equivalent resistance of 
Se 1 1 1 ‘ : . . 
the ammeter is given by — = A +— and R,, =0.625 Q. The voltmeter is a high-resistance device and the 
eq sh c 


ammeter is a low-resistance device. 

IDENTIFY: The galvanometer is represented in the circuit as a resistance R,. Use the junction rule to relate the 
current through the galvanometer and the current through the shunt resistor. The voltage drop across each parallel 
path is the same; use this to write an equation for the resistance R. 

SETUP: The circuit is sketched in Figure 26.32. 


R R.= 9.360 
= 0.025 I 
a= 200A° I R „ = 0.02500 ) 


Figure 26.32 


We want that 7, =20.0 A in the external circuit to produce J, =0.0224 A through the galvanometer coil. 

EXECUTE: Applying the junction rule to point a gives I, —J,, —I,, =0 

I =Z —1, = 20.0 A—0.0224 A =19.98 A 

The potential difference V,,, between points a and b must be the same for both paths between these two points: 

Ip (R+R,) = Ly Re 

Re are (19.98 A)(0.0250 Q) 
I ° 0.0224 A 

EVALUATE: R,<<R+R,; most of the current goes through the shunt. Adding R decreases the fraction of the 


9.36 Q= 22.30 Q -9.36 Q=12.9 Q 


current that goes through R,. 


IDENTIFY: The meter introduces resistance into the circuit, which affects the current through the 5.00-kQ resistor 
and hence the potential drop across it. 

SET Up: Use Ohm’s law to find the current through the 5.00-kQ resistor and then the potential drop across it. 
EXECUTE: (a) The parallel resistance with the voltmeter is 3.33 kQ, so the total equivalent resistance across the 
battery is 9.33 KQ, giving Z = (50.0 V)/(9.33 KQ) = 5.36 mA. Ohm’s law gives the potential drop across the 
5.00-kQ resistor: V5 yo = (3.33 kQ)(5.36 mA) = 17.9 V 

(b) The current in the circuit is now J = (50.0 V)/(11.0 kQ) = 4.55 mA. V; go = (5.00 kQ)(4.55 mA) = 22.7 V. 

(c) % error = (22.7 V — 17.9 V)/(22.7 V) = 0.214 = 21.4%. (We carried extra decimal places for accuracy since we 
had to subtract our answers.) 

EVALUATE: The presence of the meter made a very large percent error in the reading of the “true” potential 
across the resistor. 

IDENTIFY: The resistance of the galvanometer can alter the resistance in a circuit. 

SETUP: The shunt is in parallel with the galvanometer, so we find the parallel resistance of the ammeter. Then 
use Ohm’s law to find the current in the circuit. 

EXECUTE: (a) The resistance of the ammeter is given by 1/R4 = 1/(1.00 Q) + 1/(25.0 Q), so Ry = 0.962 Q. The 
current through the ammeter, and hence the current it measures, is J = V/R = (25.0 V)/(15.96 Q) = 1.57 A. 

(b) Now there is no meter in the circuit, so the total resistance is only 15.0 Q. Z= (25.0 V)/(15.0 Q) = 1.67 A 

(c) (1.67 A — 1.57 A)/(1.67 A) = 0.060 = 6.0% 

EVALUATE: A 1-Q shunt can introduce noticeable error in the measurement of an ammeter. 

IDENTIFY: When the galvanometer reading is zero E, = IR „ and £ =R. 


SETUP: R, is proportional to x and R, is proportional to /. 
Ra 


EXECUTE: (a) €,=€&—“=€ 7 
ab 
(b) The value of the galvanometer’s resistance is unimportant since no current flows through it. 
0.36 
(© &,=€~=(9.15 V) Sm 334V 
l 1.000 m 
EVALUATE: The potentiometer measures the emf E, of the source directly, unaffected by the internal resistance 


of the source, since the measurement is made with no current through €, . 
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26.36. IDENTIFY: A half-scale reading occurs with R =600 ©, so the current through the galvanometer is half the full- 
scale current. 

SETUP: The resistors R,, R, and R are in series, so the total resistance of the circuit is Ry. =R +R +R. 
.60x10° A 

EXECUTE: €=IR,,,,. 1.50 V = Peer A so Q+600Q+R,) and R,=218Q. 

EVALUATE: We have assumed that the device is linear, in the sense that the deflection is proportional to the 

current through the meter. 

26.37. IDENTIFY: Apply E= [Rou to relate the resistance R, to the current in the circuit. 

SET Up: R, R, and the meter are in series, so Roa =R+R,+Ry, where Ry =65.0 Q is the resistance of the 
meter. Ipa =2.50 mA is the current required for full-scale deflection. 
EXECUTE: (a) When the wires are shorted, the full-scale deflection current is obtained: E = IR ora - 
1.52 V =(2.50x10° A)(65.0Q+R) and R=543Q. 
: 1.52 
(b) If the resistance R, =200Q0: [= d = N: =1.88 mA. 
i wa 65.0 Q +543 OF R, 
(0) J, = È = AA and R, zle Neg Q . For each value of Z, we have: 
Ret 65.0 Q+543 OF R, I, i 
For J, aie, =6.25x107A, R, TEA 0 ; 
“4% 6.25x10* A 
1.52 
For J, eis =1.25x10° A , R, EAE Q=608 Q. 
oe 1.25x10° A 
For I, oa =1.875x10° A, R, e oee 52608 Q=2030. 
e ” 1.875x107 A 
EVALUATE: The deflection of the meter increases when the resistance R, decreases. 
26.38. IDENTIFY: An uncharged capacitor is placed into a circuit. Apply the loop rule at each time. 
SETUP: The voltage across a capacitor is V.=q/C. 
EXECUTE: (a) At the instant the circuit is completed, there is no voltage over the capacitor, since it has no charge 
stored. 
(b) Since V, =0, the full battery voltage appears across the resistor V, = E =125 V. 
(c) There is no charge on the capacitor. 
; soaa ie 125 V 
(d) The current through the resistor is i = — = = 0.0167 A. 
total 7500 Q 
(e) After a long time has passed the full battery voltage is across the capacitor and į = 0 . The voltage across the 
capacitor balances the emf: V, =125 V. The voltage across the resister is zero. The capacitor’s charge is 
q =CV.. =(4.60 x 10° F) (125 V) =5.75 x 107 C. The current in the circuit is zero. 
EVALUATE: The current in the circuit starts at 0.0167 A and decays to zero. The charge on the capacitor starts at 
zero and rises to q =5.75x10~ C. 

26.39. IDENTIFY: The capacitor discharges exponentially through the voltmeter. Since the potential difference across 
the capacitor is directly proportional to the charge on the plates, the voltage across the plates decreases 
exponentially with the same time constant as the charge. 

SET Up: The reading of the voltmeter obeys the equation V = Voe “““, where RC is the time constant. 
EXECUTE: (a) Solving for C and evaluating the result when ¢ = 4.00 s gives 
C= a 2 os savy 7 849% 107F 
Rin(V/%) (340x10 @yin{ 22: 
3.00 V 
(b) c= RC = (3.40 x 10° Q)(8.49 x 10” F) = 2.89 s 
EVALUATE: In most laboratory circuits, time constants are much shorter than this one. 
, ; E 
26.40. IDENTIFY: Fora charging capacitor q(t) =CE(1-e™")and i(t) = o 


SETUP: The time constant is RC = (0.895 x 10° Q) (12.4x 10° F)=11.1s. 
EXECUTE: (a) At t=0s:¢=CE&(l-e'"") =0. 
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At t=5 s: q =CE(1-e™ S) =(12.4x10° F)\(60.0 V(I- e? 94") = 2.70 x10" C. 

At t=10 s: q = CE- e~”) =(12.4x10® F)(60.0 V1- eC? 9C! 9) =4.42x10* C. 
At t=20 s: q = CE(1-e™ S) =(12.4x10% F)(60.0 V)d — 2 "9 9/0119) =6.21x10* C. 
At t=100 s:g=CE(l-e"'*") =(12.4x10% F)(60.0 V)d—e 0" 9019) =7,44x10* C. 


(b) The current at time ¢ is given by: i= Ee” na 


At t=0 s: Bo n =6.70x10” A. 
At t=5s: j= ae =4.27x10° A. 
At t=10s: i= =2.27x10° A 
At t=20s: i= en =1.11x10° A. 
At t=100 s: j- ae =8.20x10°A. 


(c) The graphs of q(t) and i(t) are given in Figure 26.40a and 26.40b 
EVALUATE: The charge on the capacitor increases in time as the current decreases. 


q (10 74C) i (10 75A) 


6.00 


4.00 


2.00 


0.00 
0.00 


26.41. 


26.42. 


6.00 


4.00 


t (s) 0.00 — a —— t(s) 
4.00 8.00 12.00 16.00 20.00 0.00 4.00 8.00 12.00 16.00 20.00 


(a) (b) 
Figure 26.40 
IDENTIFY: The capacitors, which are in parallel, will discharge exponentially through the resistors. 
SETUP: Since V is proportional to Q, V must obey the same exponential equation as Q, 
V= V, eS. The current is I = (Vo /R) eS. 
EXECUTE: (a) Solve for time when the potential across each capacitor is 10.0 V: 
t= — RC In(V/Vo) = (80.0 Q)(35.0 uF) In(10/45) = 4210 us = 4.21 ms 
(b) Z = (V, /R) e“*. Using the above values, with V, = 45.0 V, gives 7 = 0.125 A. 
EVALUATE: Since the current and the potential both obey the same exponential equation, they are both reduced 
by the same factor (0.222) in 4.21 ms. 
IDENTIFY: In t=RC use the equivalent capacitance of the two capacitors. 


SETUP: For capacitors in series, ak = =t = . For capacitors in parallel, C,,=C,+C,. Originally, 
eq 1 2 
T= RC =0.870s. 
z 3 PANNA ; ; etn Be net 1 1 1.2 
EXECUTE: (a) The combined capacitance of the two identical capacitors in series is given by — = ral + ral = g: 
eq 
so C,, -£ . The new time constant is thus R(C/2) = 0.870 Š 20.435 s. 


(b) With the two capacitors in parallel the new total capacitance is simply 2C. Thus the time constant is 
R(2C) = 2(0.870 s) =1.74 s. 


EVALUATE: The time constant is proportional to C, . For capacitors in series the capacitance is decreased and 


for capacitors in parallel the capacitance is increased. 


26-16 Chapter 26 
26.43. IDENTIFY and SET UP: Apply the loop rule. The voltage across the resistor depends on the current through it and 
the voltage across the capacitor depends on the charge on its plates. 
EXECUTE: €-V,—-V.=0 
E=120 V, V, = IR =(0.900 A)(80.0 Q) =72 V, so V, = 48 V 
Q =CV =(4.00x10° F)(48 V)=192 uC 
EVALUATE: The initial charge is zero and the final charge is CE = 480 uC. Since current is flowing at the 
instant considered in the problem the capacitor is still being charged and its charge has not reached its final value. 
26.44. IDENTIFY: The charge is increasing while the current is decreasing. Both obey exponential equations, but they 
are not the same equation. 
SETUP: The charge obeys the equation Q = Onax(1 — € 1E, but the equation for the current is J = VARE 
EXECUTE: When the charge has reached i of its maximum value, we have Qmax/4 = Qmax( 1 — gry , which 
says that the exponential term has the value ei = 3. The current at this time is J = Ine S = Tpax(3/4) = 
(3/4)[(10.0 V)/(12.0 Q)] = 0.625 A 
EVALUATE: Notice that the current will be 3, not +, of its maximum value when the charge is 5 of its 
maximum. Although current and charge both obey exponential equations, the equations have different forms for a 
charging capacitor. 
26.45. IDENTIFY: The stored energy is proportional to the square of the charge on the capacitor, so it will obey an 
exponential equation, but not the same equation as the charge. 
SET Up: The energy stored in the capacitor is U = Q?/2C and the charge on the plates is Qo e“““. The current is 
T=het®. 
EXECUTE: U= Q0°/2C = (Qo e "®S}/20 = Ug eS 
When the capacitor has lost 80% of its stored energy, the energy is 20% of the initial energy, which is Uy/5. Uọ/5 = 
Up € "* gives t = (RC/2) In 5 = (25.0 Q)(4.62 pF)(In 5)/2 = 92.9 ps. 
At this time, the current is J = I) e “© = (Q)/RC) e“*“, so 
T= (3.5 nC)/[(25.0 Q)(4.62 pF)] e? PMCS0 M46 PPI 13,6 A, 
EVALUATE: When the energy reduced by 80%, neither the current nor the charge are reduced by that percent. 
26.46. IDENTIFY: Both the charge and energy decay exponentially, but not with the same time constant since the energy 
is proportional to the square of the charge. 
SETUP: The charge obeys the equation O = Q, e “*“ but the energy obeys the equation 
U = ONC=(Q6 \2C =. 
EXECUTE: (a) The charge is reduced by half: Q,/2 = Qo e“*“. This gives 
t= RC In 2 = (175 Q)(12.0 wF)(In 2) = 1.456 ms = 1.46 ms. 
(b) The energy is reduced by half: Uy/2 = Uy e “*“. This gives 
t = (RC In 2)/2 = (1.456 ms)/2 = 0.728 ms. 
EVALUATE: The energy decreases faster than the charge because it is proportional to the square of the charge. 
26.47. IDENTIFY: In both cases, simplify the complicated circuit by eliminating the appropriate circuit elements. The 
potential across an uncharged capacitor is initially zero, so it behaves like a short circuit. A fully charged capacitor 
allows no current to flow through it. 
(a) SETUP: Just after closing the switch, the uncharged capacitors all behave like short circuits, so any resistors 
in parallel with them are eliminated from the circuit. 
EXECUTE: The equivalent circuit consists of 50 Q and 25 Q in parallel, with this combination in series with 
75 Q, 15 Q, and the 100-V battery. The equivalent resistance is 90 Q + 16.7 Q = 106.7 Q, which gives 
I= (100 V)/(106.7 Q) = 0.937 A. 
(b) SET Up: Long after closing the switch, the capacitors are essentially charged up and behave like open circuits 
since no charge can flow through them. They effectively eliminate any resistors in series with them since no 
current can flow through these resistors. 
EXECUTE: The equivalent circuit consists of resistances of 75 Q, 15 Q, and three 25-Q resistors, all in series with 
the 100-V battery, for a total resistance of 165 Q. Therefore 7= (100 V)/(165 Q) = 0.606 A 
EVALUATE: The initial and final behavior of the circuit can be calculated quite easily using simple series-parallel 
circuit analysis. Intermediate times would require much more difficult calculations! 
26.48. IDENTIFY: When the capacitor is fully charged the voltage V across the capacitor equals the battery emf and 


Q=CV . For a charging capacitor, q = o(1 —e 


one) 


SETUP: Ine‘ =x 
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26.49. 


26.50. 


EXECUTE: (a) Q =CV =(5.90x10° F)(28.0 V)=1.65x10* C. 
—t 


b) q =Q(1-e™"S), so e~s =1-4 and R=———_.. After 
(b) g=O ) Q Cin —q/O) 
3x10" s 


t=3x10”° s: R 


= = 4639 
(5.90x10° F)(In(1 —110/165)) 


(c) If the charge is to be 99% of final value: 5 =(1—-e"/"°) gives 


t=- RC In(l—q/Q) =- (463 Q) (5.90 x 10° F) In(0.01) =0.0126s. 


EVALUATE: The time constant is T = RC =2.73 ms. The time in part (b) is a bit more than one time constant and 
the time in part (c) is about 4.6 time constants. 

IDENTIFY: For each circuit apply the loop rule to relate the voltages across the circuit elements. 

(a) SETUP: With the switch in position 2 the circuit is the charging circuit shown in Figure 26.49a. 


eile ale 
DANNE Att=0,q=0. 


R 
Figure 26.49a 
EXECUTE: The charge q on the capacitor is given as a function of time by Eq.(26.12): 
q= ce(ı =e") 
Q, = CE =(1.50x10% F)(18.0 V)=2.70x10* C. 
RC =(980 Q)(1.50x10° F)=0.0147 s 
Thus, at £ =0.0100 s, q =(2.70x10* c)(1 g Oooog ) =133 uC. 


jase et ary 
C  1.50x10° F 
The loop rule says E -ve —v, =0 
Vp =E -vo =18.0 V -8.87 V =9.13 V 


(c) SETUP: Throwing the switch back to position 1 produces the discharging circuit shown in Figure 26.49b. 


The initial charge Q, is the 


charge calculated in part (b), 
Q, =133 uC. 


Figure 26.49b 


q_ 1334C 
C 1.50x10° F 
Ve — Vr =0, SO Vg = Ve =8.87 V. 


EXECUTE: v= 


A =8.87 V, the same as just before the switch is thrown. But now 


(d) SETUP: In the discharging circuit the charge on the capacitor as a function of time is given by Eq.(26.16): 

q= Qes. 

EXECUTE: RC =0.0147 s, the same as in part (a). Thus at t =0.0100 s, q = (133 wC)e Ol 9/04 9) = 67.4 uC. 

EVALUATE: t¢=10.0 ms is less than one time constant, so at the instant described in part (a) the capacitor is not 

fully charged; its voltage (8.87 V) is less than the emf. There is a charging current and a voltage drop across the 

resistor. In the discharging circuit the voltage across the capacitor starts at 8.87 V and decreases. After t =10.0 ms 

it has decreased to v. =q/C =4.49 V. 

IDENTIFY: P=VI=I°R 

SET Up: Problem 25.77 says that for 12-gauge wire the maximum safe current is 2.5 A. 

EXECUTE: (a) / oF = aca 
V 240V 

ok (good up to 25 A). 


=17.1 A. So we need at least 14-gauge wire (good up to 18 A). 12 gauge is also 
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2 yA 2 
(b) par and pa C CN as, 
R P 4100W 
(c) At 11¢ per kWH, for 1 hour the cost is (11¢/kWh)(1 h)(4.1 kW) =45¢ . 
EVALUATE: The cost to operate the device is proportional to its power consumption. 

26.51. IDENTIFY and SETUP: The heater and hair dryer are in parallel so the voltage across each is 120 V and the 
current through the fuse is the sum of the currents through each appliance. As the power consumed by the dryer 
increases the current through it increases. The maximum power setting is the highest one for which the current 
through the fuse is less than 20 A. 

EXECUTE: Find the current through the heater. P=VI so J = P/V =1500 W/120 V =12.5 A. The maximum 
total current allowed is 20 A, so the current through the dryer must be less than 20 A —12.5 A=7.5 A. The power 
dissipated by the dryer if the current has this value is P = VI = (120 V)(7.5 A) =900 W. For P at this value or 
larger the circuit breaker trips. 

EVALUATE: P=V°/R and for the dryer V is a constant 120 V. The higher power settings correspond to a 
smaller resistance R and larger current through the device. 

26.52. IDENTIFY: The current gets split evenly between all the parallel bulbs. 

SET Up: A single bulb will draw J = 2 AN =0.75A. 
V 120V 
20 A 
EXECUTE: Number of bulbs < TIEA =26.7. So you can attach 26 bulbs safely. 
EVALUATE: [In parallel the voltage across each bulb is the circuit voltage. 

26.53. IDENTIFY and SETUP: Ohm's law and Eq.(25.18) can be used to calculate / and P given V and R. Use Eq.(25.12) 

to calculate the resistance at the higher temperature. 
(a) EXECUTE: When the heater element is first turned on it is at room temperature and has resistance R = 20 Q. 
JN, X =6.0 A 
R 20Q 
2 (120 VÝ 
P= are Wey ) =720 W 
R 20 QO 
(b) Find the resistance R(T) of the element at the operating temperature of 280°C. 
Take T, = 23.0°C and R, = 20 Q. Eq.(25.12) gives 
R(T)=R,(1+a(T-7,))= 20 Q(1+(2.8x10° (C°) ](280°C - 23.0°C)) =344 Q. 
Fo 120 V -23.5 A 
R 3440 
2 (120 V)" 
ae ( =420 W 
R 3440 
EVALUATE: When the temperature increases, R increases and J and P decrease. The changes are substantial. 
26.54. (a) IDENTIFY: Two of the resistors in series would each dissipate one-half the total, or 1.2 W, which is ok. But 


the series combination would have an equivalent resistance of 800 ©, not the 400 © that is required. Resistors in 
parallel have an equivalent resistance that is less than that of the individual resistors, so a solution is two in series 
in parallel with another two in series. 
SETUP: The network can be simplified as shown in Figure 26.54a. 

R= 4000 R R 


Figure 26.54a 


EXECUTE: R, is the resistance equivalent to two of the 400 Q resistors in series. R, = R+ R=800 Q. Rq is 


1 1 2, 8000 


=—+4+—==;R, = 400 Q. 
R R Rẹ® 2 


the resistance equivalent to the two R, =800 Q resistors in parallel: 

eq 
EVALUATE: This combination does have the required 400 Q equivalent resistance. It will be shown in part (b) 
that a total of 2.4 W can be dissipated without exceeding the power rating of each individual resistor. 
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26.55. 


IDENTIFY: Another solution is two resistors in parallel in series with two more in parallel. 


SET Up: The network can be simplified as shown in Figure 26.54b. 
R= 4000 R 


eq 


Figure 26.54b 
1 1 1_ 2 
R R R 400Q 


P 


EXECUTE: ; R, =200 Q; Ra =R, +R, =400 Q 

EVALUATE: This combination has the required 400 Q equivalent resistance It will be shown in part (b) that a 
total of 2.4 W can be dissipated without exceeding the power rating of each individual resistor. 

(b) IDENTIFY and SETUP: Find the applied voltage V» such that a total of 2.4 W is dissipated and then for this 
Va find the power dissipated by each resistor. 

EXECUTE: Fora combination with equivalent resistance R,, = 400 Q to dissipate 2.4 W the voltage V, 


ab 


applied 


to the network must be given by P=V,,/R,, so V,, = «PRS = (2.4 W)(400 Q) =31.0 V and the current through 
the equivalent resistance is 7 = V, /R =31.0 V/400 Q =0.0775 A. For the first combination this means 31.0 V 
across each parallel branch and (31.0 V)=15.5 V across each 400 Q resistor. The power dissipated by each 
individual resistor is then P = V° /R = (15.5 vy/ 400 Q=0.60 W, which is less than the maximum allowed value 
of 1.20 W. For the second combination this means a voltage of JR, =(0.0775 A)(200 Q) =15.5 V across each 


parallel combination and hence across each separate resistor. The power dissipated by each resistor is again 
P=V?/R= (15.5 vy /400 Q=0.60 W, which is less than the maximum allowed value of 1.20 W. 

EVALUATE: The symmetry of each network says that each resistor in the network dissipates the same power. So, 
for a total of 2.4 W dissipated by the network, each resistor dissipates (2.4 W)/4= 0.60 W, which agrees with the 


above analysis. 


IDENTIFY: The Cu and Ni cables are in parallel. For each, R = ee 


SET Up: The composite cable is sketched in Figure 26.55. The cross sectional area of the nickel segment is za’ 
and the area of the copper portion is z(b” —a’). For nickel p =7.8x10 Q -m and for copper p =1.72x10 Q-m. 


1 1 L L 
EXECUTE: a . o Ryi = PniL/ A= py; a and Rou = Po, LIA = Peu nea: Therefore, 
1 ma? me? = E j 


Ravie p Pril PauL 
1 mfa b-a’) x | (0.050m) (0.100 m)* - (0.050 m}? 
L 20ml 7.8x10° Qm  1.72x10® Q-m 


l and Rope =13.6x10% Q=13.6 uQ. 


R Pri Pou 


cable 


=2.14x10°O-m 


L L oe zb? R x(0.10 m} (13.6 x 10° Q) 
b) R= —= —. This gives = = 
(b) Pete A Pest ae 8 Pest L 20m 


EVALUATE: The effective resistivity of the cable is about 25% larger than the resistivity of copper. If nickel had 
infinite resitivity and only the copper portion conducted, the resistance of the cable would be 14.6 42, which is 


not much larger than the resistance calculated in part (a). 


Figure 26.55 
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26.56. 


26.57. 


26.58. 


26.59. 


IDENTIFY and SET Up: Let R=1.00 Q, the resistance of one wire. Each half of the wire has 
R, = R/2=0.500 Q. The combined wires are the same as a resistor network. Use the rules for equivalent 
resistance for resistors in series and parallel to find the resistance of the network, as shown in Figure 26.56. 


EXECUTE: 
Ry 
— SSS = — WWW. — yr 


Figure 26.56 


The equivalent resistance is R, +R, /2+R, =5R,/2= (0.500 Q)=1.25 O 


EVALUATE: Ifthe two wires were connected end-to-end, the total resistance would be 2.00 Q. If they were 

joined side-by-side, the total resistance would be 0.500 ©. Our answer is between these two limiting values. 

IDENTIFY: The terminal voltage of the battery depends on the current through it and therefore on the equivalent 

resistance connected to it. The power delivered to each bulb is P =J°R , where J is the current through it. 

SETUP: The terminal voltage of the source is €—Jr . 

EXECUTE: (a) The equivalent resistance of the two bulbs is 1.0 Q. This equivalent resistance is in series with the 

V 8.0 V 

Raa 1.0Q+0.80Q 

current through each bulb is 2.2 A. The voltage applied to each bulb is E — Ir = 8.0 V — (4.4 A)(0.80 Q)=4.4 V. 


Therefore, P p =/’R=(2.2 A} (2.0 Q)=9.7 W. 


V 80V 
‘oat 20 2+0.80 Q 


2.9 A, and P=I°R=(2.9 AY (2.0Q)=16.3 W . The remaining bulb is brighter than before, because it is 
consuming more power. 

EVALUATE: In Example 26.2 the internal resistance of the source is negligible and the brightness of the 
remaining bulb doesn’t change when one burns out. 

IDENTIFY: Half the current flows through each parallel resistor and the full current flows through the third resistor, 
that is in series with the parallel combination. Therefore, only the series resistor will be at its maximum power. 
SETUP: P=I’R 

EXECUTE: The maximum allowed power is when the total current is the maximum allowed value of 
I=/P/R= (36 W/2.4Q =3.9 A. Then half the current flows through the parallel resistors and the maximum 
power is Px =(1/2)/R+(1/2P R+?R=31°R =3(3.9 A) (2.4 Q)=54 W. 


EVALUATE: Ifall three resistors were in series or all three were in parallel, then the maximum power would be 
3(36 W) =108 W. For the network in this problem, the maximum power is half this value. 


internal resistance of the source, so the current through the battery is 7 = =44A and the 


(b) If one bulb burns out, then J = =2.9 A.. The current through the remaining bulb is 


IDENTIFY: The ohmmeter reads the equivalent resistance between points a and b. Replace series and parallel 
combinations by their equivalent. 


i . Do. : ; : 
SETUP: For resistors in parallel, —— =—-+—. For resistors in series, R,, =R, +R, 


eq 1 2 
EXECUTE: Circuit (a): The 75.0 Q and 40.0 © resistors are in parallel and have equivalent resistance 26.09 Q. 
The 25.0 Q and 50.0 © resistors are in parallel and have an equivalent resistance of 16.67 Q . The equivalent 
1 1 1 


network is given in Figure 26.59a. so R,, =18.7Q. 


~ 100.02 23.059’ 


eq 


a b a 


100.0 Q 100.00 


50.00 = 50.0.0 


ame 23.050 
16.670 


Figure 26.59a 


26.09.02 


Direct-Current Circuits 26-21 


26.60. 


26.61. 


Circuit (b): The 30.0 Q and 45.0 resistors are in parallel and have equivalent resistance 18.0 Q . The 


equivalent network is given in Figure 26.59b. l Upd 


, SO Ra =7.5Q. 


~ 10.02 3030 


eq 


a a b 


7.00 Q 10.0 Q 


10.0 Q 


Figure 26.59b 


EVALUATE: [In circuit (a) the resistance along one path between a and b is 100.0 Q , but that is not the equivalent 
resistance between these points. A similar comment can be made about circuit (b). 

IDENTIFY: Heat, which is generated in the resistor, melts the ice. 

SET Up: Find the rate at which heat is generated in the 20.0-Q resistor using P =V/R. Then use the heat of 
fusion of ice to find the rate at which the ice melts. The heat dH to melt a mass of ice dm is dH = Ly dm, where Lr 
is the latent heat of fusion. The rate at which heat enters the ice, dH/dt, is the power P in the resistor, so P = Ly 
dm/dt. Therefore the rate of melting of the ice is dm/dt = P/Ly. 

EXECUTE: The equivalent resistance of the parallel branch is 5.00 Q, so the total resistance in the circuit is 35.0 Q. 
Therefore the total current in the circuit is toa = (45.0 V)/(35.0 Q) = 1.286 A. The potential difference across 

the 20.0-Q resistor in the ice is the same as the potential difference across the parallel branch: Vice = ZrotaiRp = 
(1.286 A)(5.00 Q) = 6.429 V. The rate of heating of the ice is Pice = View IR = (6.429 vy/(20.0 Q) = 2.066 W. This 
power goes into to heat to melt the ice, so 


dm/dt = P/L; = (2.066 W)/(3.34 x 10° J/kg) = 6.19 x 10% kg/s = 6.19 x 10° g/s 
EVALUATE: The melt rate is about 6 mg/s, which is not much. It would take 1000 s to melt just 6 g of ice. 
IDENTIFY: Apply the junction rule to express the currents through the 5.00 © and 8.00 © resistors in terms of 
I,,1, and Z. Apply the loop rule to three loops to get three equations in the three unknown currents. 
SETUP: The circuit is sketched in Figure 26.61. 


s0a 2-4 a*s 8.000 
—>. <__ 


1.00 Q 


10.0 Q 
Figure 26.61 


The current in each branch has been written in terms of 7,,Z, and Z, such that the junction rule is satisfied at each 
junction point. 

EXECUTE: Apply the loop rule to loop (1). 

-12.0 V+1,(1.00 Q)+(J, -J,)(5.00 Q) =0 


1, (6.00 Q) - 7, (5.00 Q) =12.0 V eq.(1) 
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Apply the loop rule to loop (2). 
—I,(1.00 Q)+9.00 V -(J, +J,)(8.00 Q)=0 
1,(9.00 Q) +7, (8.00 Q) =9.00 V eq.(2) 
Apply the loop rule to loop (3). 
-I (10.0 Q) -9.00 V +7, (1.00 Q)- Z, (1.00 Q)+12.0 V =0 
-1 (1.00 Q) +Z, (1.00 Q)+ 7, (10.0 Q)=3.00 V eq.(3) 
Eq.(1) gives 7, =2.00 A+2J,; eq.(2) gives 7, =1.00 A -$7 
Using these results in eq.(3) gives —(1.00 A — £7, )(1.00 Q) +(2.00 A +47, )(1.00 Q) +7, (10.0 Q) =3.00 V 
(158) 7, = 2.00 A; I, = 4 (2.00 A)=0.171 A 
Then J, =2.00 A+2J/, =2.00 A+2(0.171 A)=2.14 A and J, =1.00 A—$/, =1.00 A—3(0.171 A) =0.848 A. 
EVALUATE: We could check that the loop rule is satisfied for a loop that goes through the 5.00 Q, 8.00 Q and 
10.0 Q resistors. Going around the loop clockwise: —(/, — 7, )(5.00 Q)+(J, + J,)(8.00 Q) +7, (10.0 Q)= 
9.85 V +8.15 V +1.71 V, which does equal zero, apart from rounding. 
26.62. IDENTIFY: Apply the junction rule and the loop rule to the circuit. 
SETUP: Because of the polarity of each emf, the current in the 7.00 Q resistor must be in the direction shown in 
Figure 26.62a. Let / be the current in the 24.0 V battery. 
EXECUTE: The loop rule applied to loop (1) gives: +24.0 V —(1.80 A)(7.00 Q) — 7(3.00 Q) =0. J =3.80 A . The 
junction rule then says that the current in the middle branch is 2.00 A, as shown in Figure 26.62b. The loop rule 
applied to loop (2) gives: +E — (1.80 A)(7.00 Q)+ (2.00 A)(2.00 Q) =O and E=8.6V. 
EVALUATE: We can check our results by applying the loop rule to loop (3) in Figure 26.62b: 
+24.0 V -E - (2.00 A)(2.00 Q)-(3.80 A)(3.00 Q)=0 and E = 24.0 V -4.0 V-11.4 V =8.6 V, which agrees 
with our result from loop (2). 
Jro A 
24.0 V 
7.00 Q 
7.00 Q 
3.00 Q 
(a) (b) 
Figure 26.62 
26.63. IDENTIFY and SETUP: The circuit is sketched in Figure 26.63. 


5.00 Q 


Two unknown currents /, (through the 2.00 Q 
resistor) and /, (through the 5.00 © resistor) 


are labeled on the circuit diagram. The current 
through the 4.00 © resistor has been written as 


I, —I, using the junction rule. 


Figure 26.63 


Apply the loop rule to loops (1) and (2) to get two equations for the unknown currents, 7, and /,. Loop (3) can 
then be used to check the results. 
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EXECUTE: loop (1): +20.0 V~/,(2.00 Q)-14.0 V+(J, -/,)(4.00 Q)=0 
6.007, — 4.007, = 6.00 A 


3.007, — 2.007, =3.00 A eq.(1) 
loop (2): +36.0 V -Z (5.00 Q) -(7, -1,)(4.00 Q)=0 
—4.007, +9.00/, =36.0 A eq.(2) 


Solving eq. (1) for Z, gives Z, =1.00 A +27, 

Using this in eq.(2) gives —4.00(1.00 A+21,) +9.001, =36.0 A 
(-—$+9.00)/, =40.0 A and J, =6.32 A. 

Then 7, =1.00 A+2/, =1.00 A+3(6.32 A)=5.21 A. 


In summary then 
Current through the 2.00 © resistor: 7, =5.21 A. 


Current through the 5.00 © resistor: 7, =6.32 A. 

Current through the 4.00 Q resistor: 7, — 7, =6.32 A -5.21 A =1.11 A. 

EVALUATE: Use loop (3) to check. +20.0 V — 7, (2.00 Q) -14.0 V +36.0 V -7,(5.00 Q)=0 
(5.21 A)(2.00 Q)+(6.32 A)(5.00 Q)=42.0 V 


10.4 V +31.6 V =42.0 V, so the loop rule is satisfied for this loop. 
26.64. IDENTIFY: Apply the loop and junction rules. 

SET UP: Use the currents as defined on the circuit diagram in Figure 26.64 and obtain three equations to solve for 

the currents. 

EXECUTE: Left loop: 14-7, —2(, —/,) =0 and 3/, - 21, =14. 

Top loop: —-2U —J,) +, +/,=0 and —2/+3/,+/,=0. 

Bottom loop:—(U/ —J/, + /,)+2U, -I,)-/, =0 and -I+3/, —4/, =0. 

Solving these equations for the currents we find: I = Zaney =10.0 A; Z, = 1p, = 6.0 A; J, = Ip, =2.0 A. 

So the other currents are: J, =1—1,=4.0 A; 1, =1,;-1,=4.0 AVI, =1-1,+1,=6.0A. 
_y _14.0V 
(b) Ra = I 10.0A 
EVALUATE: It isn’t possible to simplify the resistor network using the rules for resistors in series and parallel. 
But the equivalent resistance is still defined by V = IR . 


=1400. 


14.0 V 


Figure 26.64 


26.65. (a) IDENTIFY: Break the circuit between points a and b means no current in the middle branch that contains the 
3.00 Q resistor and the 10.0 V battery. The circuit therefore has a single current path. Find the current, so that 


potential drops across the resistors can be calculated. Calculate V,, by traveling from a to b, keeping track of the 
potential changes along the path taken. 
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SET Up: The circuit is sketched in Figure 26.65a. 


1.00 Q 


(2) 
2.00 2 


1.00 Q 10.0V 3002 


Figure 26.65a 
EXECUTE: Apply the loop rule to loop (1). 
+12.0 V — 7 (1.00 Q +2.00 Q +2.00 Q +1.00 Q)-8.0 V- 7(2.00 X+1.00 Q)=0 
12.0 V -8.0 V 
~ 900 

To find V,, start at point b and travel to a, adding up the potential rises and drops. Travel on path (2) shown on 
the diagram. The 1.00 © and 3.00 © resistors in the middle branch have no current through them and hence no 
voltage across them. Therefore, V, —10.0 V+12.0 V 7(1.00 Q +1.00 Q +2.00 Q) =V; thus 

Vi -V,=2.0V—- (0.4444 A)(4.00 Q) =+0.22 V (point a is at higher potential) 
EVALUATE: Asa check on this calculation we also compute V, by traveling from b to a on path (3). 

V,-10.0 V+8.0 V+/(2.00 Q +1.00 Q+2.00 Q)=V, 

V» =-2.00 V + (0.4444 A)(5.00 Q) =+0.22 V, which checks. 


(b) IDENTIFY and SET UP: With points a and b connected by a wire there are three current branches, as shown in 
Figure 26.65b. 


=0.4444 A. 


12.0V 


2.00 Q 


1.000 10.0 V 


Figure 26.65b 


The junction rule has been used to write the third current (in the 8.0 V battery) in terms of the other currents. Apply 
the loop rule to loops (1) and (2) to obtain two equations for the two unknowns 7, and /,. 

EXECUTE: Apply the loop rule to loop (1). 

12.0 V-J,(1.00 Q) -7, (2.00 Q)—J, (1.00 Q)-10.0 V -1,(3.00 Q)-7, (1.00 Q) =0 

2.0 V—J,(4.00 Q)-1, (4.00 Q) =0 

(2.00 Q)/, +(2.00 Q)Z, =1.0 V eq.(1) 

Apply the loop rule to loop (2). 

-(1, -1,)(2.00 Q)-(J, -1, (1.00 Q)-8.0 V - (7, - Z, )(2.00 Q)+ J, (3.00 Q)+10.0 V+ 7, (1.00 Q)=0 

2.0 V -(5.00 Q)/, +(9.00 Q)Z, =0 eq.(2) 
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Solve eq.(1) for Z, and use this to replace 7, in eq.(2). 
I, =0.50 A-7, 

2.0 V—(5.00 Q)/, +(9.00 Q)(0.50 A-J,) =0 

(14.0 Q)1, = 6.50 V so I, = (6.50 V)/(14.0 Q) = 0.464 A 
I, =0.500 A -0.464 A =0.036 A. 


The current in the 12.0 V battery is 7, = 0.464 A. 


EVALUATE: We can apply the loop rule to loop (3) as a check. 
+12.0 V -—7,(1.00 2+ 2.00 Q+1.00 Q)- (7, —1,)(2.00 Q +1.00 O+2.00 Q)-8.0 V = 4.0 V—-1.86 V -2.14 V =0, 


as it should. 

IDENTIFY: Simplify the resistor networks as much as possible using the rule for series and parallel combinations 
of resistors. Then apply Kirchhoff s laws. 

SET UP: First do the series/parallel reduction. This gives the circuit in Figure 26.66. The rate at which the 


10.0 Q resistor generates thermal energy is P=I°R. 
EXECUTE: Apply Kirchhoff’s laws and solve for E . AV aen =0:—(20 Q)(2 A)-5 V -(20 Q)/, =0. 


This gives 7, =—2.25A . Then J, +Z, =2 A gives/,=2 A—(-2.25 A)=4.25A. 
AV acan = 9: (15 Q)(4.25 A) + E-(20 O)(-2.25 A) =0. This gives € =-—109 V . Since € is calculated to be 


negative, its polarity should be reversed. 
(b) The parallel network that contains the 10.0 resistor in one branch has an equivalent resistance of 10 Q . The 


voltage across each branch of the parallel network is V,,. = RJ =(10 Q)(2A) = 20 V . The current in the upper 


par 

y 20 V 2 = 2 T = 2 2 a 

R730 ZA: PHL. 90 I Rt=E , where E=60.0]. (FA) (00) =60J ,and t=13.5s. 
EVALUATE: For the 10.0 Q resistor, P = I?’R = 4.44 W . The total rate at which electrical energy is inputed to 
the circuit in the emf is (5.0 V)(2.0 A) + (109 V)(4.25 A) = 473 J. Only a small fraction of the energy is dissipated 


in the 10.0 Q resistor. 


branch is J = 


200 


Figure 26.66 


IDENTIFY: In Figure 26.67, points a and c are at the same potential and points d and b are at the same potential, 
so we can calculate V,, by calculating V,,. We know the current through the resistor that is between points c and 
d. We thus can calculate the terminal voltage of the 24.0 V battery without calculating the current through it. 


SET UP: 
1, = 0.0706 A 20.0 Q 


Figure 26.67 


EXECUTE: V, +/,(10.0 Q)+12.0 V =V, 

V.-V, =12.7V; V-V, =V, -V1 =12.7V 

EVALUATE: The voltage across each parallel branch must be the same. The current through the 24.0 V battery 
must be (24.0 V-12.7 V)/(10.0 Q) =1.13 A in the direction b to a. 
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26.68. IDENTIFY: The current through the 40.0 Q resistor equals the current through the emf, and the current through 
each of the other resistors is less than or equal to this current. So, set P =1.00 W and use this to solve for the 
current J through the emf. If P =1.00 W , then P for each of the other resistors is less than 1.00 W. 
SETUP: Use the equivalent resistance for series and parallel combinations to simplify the circuit. 
EXECUTE: J’R=P gives I*(40Q)=1W, and J =0.158 A . Now use series / parallel reduction to simplify the 
circuit. The upper parallel branch is 6.38 © and the lower one is 25 Q . The series sum is now 126 ©. Ohm’s law 
gives € =(126 Q)(0.158 A)=19.9 V. 
EVALUATE: The power input from the emf is EI =3.14 W , so nearly one-third of the total power is dissipated in 
the 40.0 Q resistor. 
26.69. IDENTIFY and SETUP: Simplify the circuit by replacing the parallel networks of resistors by their equivalents. In 
this simplified circuit apply the loop and junction rules to find the current in each branch. 
EXECUTE: The 20.0-Q and 30.0-Q resistors are in parallel and have equivalent resistance 12.0 Q. The two 
resistors R are in parallel and have equivalent resistance R/2. The circuit is equivalent to the circuit sketched in 
Figure 26.69. 
pana 12.00 j R|2 
18.0 Q 200.0 V 
— 20.0 V 
5.00 A 
—> 
Figure 26.69 
(a) Calculate V, by traveling along the branch that contains the 20.0 V battery, since we know the current in that 
branch. 
V, -(5.00 A)(12.0 Q) —(5.00 A)(18.0 Q) -20.0 V =y, 
V, —V, =20.0 V +90.0 V +60.0 V =170.0 V 
V, —V, =V a =16.0 V 
X -V,a =170.0 V so X =186.0 V, with the upper terminal + 
(b) 7, =(16.0 V)/(8.0 Q)=2.00 A 
The junction rule applied to point a gives I, + J, = 5.00 A, so Z, =3.00 A. The current through the 200.0 V battery 
is in the direction from the — to the + terminal, as shown in the diagram. 
(c) 200.0 V-Z, (R/2) =170.0 V 
(3.00 A)(R/2) =30.0 V so R=20.0 Q 
EVALUATE: We can check the loop rule by going clockwise around the outer circuit loop. This gives 
+20.0 V +(5.00 A)(18.0 Q+12.0 Q)+(3.00 A)(10.0 Q)- 200.0 V = 20.0 V + 150.0 V +30.0 V — 200.0 V, 
which does equal zero. 
2 
26.70. IDENTIFY: P.,=— 


tot 
R 


eq 


SET Up: Let R be the resistance of each resistor. 
Rete y? ; : 
EXECUTE: When the resistors are in series, Rọ =3R and R = api When the resistors are in parallel, R,, = R/3. 


2 2 
ate =3 -op =9(27 W) = 243 W. 
R/3 R i 


EVALUATE: In parallel, the voltage across each resistor is the full applied voltage V. In series, the voltage across 
each resistor is V /3 and each resistor dissipates less power. 
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IDENTIFY and SET UP: For part (a) use that the full emf is across each resistor. In part (b), calculate the power 
dissipated by the equivalent resistance, and in this expression express R, and R, in terms of F, P, and €. 
EXECUTE: P=€7/R, soR,=€7/P 
P,=€7/R, so R, =E’/P, 
(a) When the resistors are connected in parallel to the emf, the voltage across each resistor is € and the power 
dissipated by each resistor is the same as if only the one resistor were connected. P = B +P, 
(b) When the resistors are connected in series the equivalent resistance is R =R, +R, 
poa Enn é __PP, 

" R+R, E/P+E7/P, P+P, 


| oe eee 
EVALUATE: The result in part (b) can be written as — = — +—. Onur results are that for parallel the powers add 


tot 1 2 

and that for series the reciprocals of the power add. This is opposite the result for combining resistance. Since 
P=E’/R tells us that P is proportional to 1/R, this makes sense. 
IDENTIFY and SET UP: Just after the switch is closed the charge on the capacitor is zero, the voltage across the 
capacitor is zero and the capacitor can be replaced by a wire in analyzing the circuit. After a long time the current 
to the capacitor is zero, so the current through R, is zero. After a long time the capacitor can be replaced by a break 
in the circuit. 
EXECUTE: (a) Ignoring the capacitor for the moment, the equivalent resistance of the two parallel resistors is 

1 1 1 3 


R 6.002 3.002 6,009’ 


eq 


R,, = 2.00 Q.. In the absence of the capacitor, the total current in the circuit (the 


Ein 42.0 V 
R 8.00 2+2.009 
go through the 3.00 Q resistor and 1/3 , or 1.40 A, would go through the 6.00 Q resistor. Since the current 


current through the 8.00 Q resistor) would be i = =4.20 A, of which 2/3, or 2.80 A, would 


Y pirc 


through the capacitor is given by i= , at the instant ¢=0 the circuit behaves as through the capacitor were 


not present, so the currents through the various resistors are as calculated above. 
(b) Once the capacitor is fully charged, no current flows through that part of the circuit. The 8.00 Q and the 


6.00 Q resistors are now in series, and the current through them is i = E/R = (42.0 V)/(8.00 Q + 6.00 Q) =3.00 A. 
The voltage drop across both the 6.00 Q resistor and the capacitor is thus V = iR = (3.00 A)(6.00 Q) = 18.0 V. 
(There is no current through the 3.00 Q resistor and so no voltage drop across it.) The charge on the capacitor is 
Q=CV =(4.00x10° F)(18.0 V) =7.2x10° C. 

EVALUATE: The equivalent resistance of R, and R, in parallel is less than R, , so initially the current through 
R, is larger than its value after a long time has elapsed. 


(a) IDENTIFY and SET Up: The circuit is sketched in Figure 26.73a. 
Î V = 36.0 V 


With the switch open there is no 
current through it and there are 
only the two currents J, and J, 


indicated in the sketch. 


Figure 26.73a 


The potential drop across each parallel branch is 36.0 V. Use this fact to calculate 7, and /,. Then travel from 


point a to point b and keep track of the potential rises and drops in order to calculate V,,. 
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EXECUTE: —/,(6.00 Q +3.00 Q)+36.0 V =0 
36.0 V 


6.00 2+3.00 Q 
-1,(3.00 2+ 6.00 Q) + 36.0 V =0 


36.0 V 


IL, = —— 
* 3.00 Q+6.00 Q 
To calculate V,, =V, —V, start at point b and travel to point a, adding up all the potential rises and drops along the 


ab 


=4.00A 


1 


=4.00 A 


way. We can do this by going from b up through the 3.00 Q resistor: 

V, +1,(3.00 Q)-1,(6.00 Q) =F, 

V,-V, = (4.00 A)(3.00 Q)- (4.00 A)(6.00 Q) =12.0 V -24.0 V = -12.0 V 
V „p =—12.0 V (point a is 12.0 V lower in potential than point b) 


EVALUATE: Alternatively, we can go from point b down through the 6.00 Q resistor. 
V, — 1,(6.00 Q) + 1,(3.00 Q) =V, 
V, -V, =-—(4.00 A)(6.00 Q) + (4.00 A)(3.00 Q) = -24.0 V +12.0 V =-12.0 V, which checks. 


(b) IDENTIFY: Now there are multiple current paths, as shown in Figure 26.73b. Use junction rule to write the 
current in each branch in terms of three unknown currents /;, D, and Z. Apply the loop rule to three loops to get 
three equations for the three unknowns. The target variable is J}, the current through the switch. Req is calculated 
from V = JR,,, where / is the total current that passes through the network. 


SET UP: 


The three unknown currents J,,/,, and J, 
are labeled on Figure 26.73b. 


Figure 26.73b 


EXECUTE: Apply the loop rule to loops (1), (2), and (3). 
loop (1): —/,(6.00 Q) + /,(3.00 Q) + 7,(3.00 Q) =0 


1,=21,-I, eq.(1) 

loop (2): —UZ, + 1,)(3.00 Q) + (Z, —1,)(6.00 Q) — 7, (3.00 Q) =0 
61, —121, —3/, =0 so 21, —41, —I, =0 

Use eq(1) to replace J,: 

4], —21, -41-1 =0 

31, =61, and /, = 21, eq.(2) 

loop (3) (This loop is completed through the battery [not shown], in the direction from the — to the + terminal.): 
—1,(6.00 Q) - (7, + /,)(3.00 Q) +36.0 V =0 

91, +31, =36.0 A and 37, +7, =12.0 A eq.(3) 

Use eq.(2) in eq.(3) to replace 7: 

3(2/,)+ 1, =12.0 A 

1,=12.0A/7=L71A 

1,=21,=342A 

1, =21,-1,=2(3.42 A)-1.71A=5.13A 

The current through the switch is J, =1.71 A. 
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(c) From the results in part (a) the current through the battery is J = 7, + J, =3.42 A +5.13 A=8.55 A. The 


equivalent circuit is a single resistor that produces the same current through the 36.0 V battery, as shown in 
Figure 26.73c. 


36.0 V 
I = 8.554 
? | -IR +36.0 V =0 
R 
pa 360V 360V poi 
I 855A 


Figure 26.73c 


EVALUATE: With the switch open (part a), point b is at higher potential than point a, so when the switch is closed 
the current flows in the direction from b to a. With the switch closed the circuit cannot be simplified using series 
and parallel combinations but there is still an equivalent resistance that represents the network. 

IDENTIFY: With S open and after equilibrium has been reached, no current flows and the voltage across each 
capacitor is 18.0 V. When S is closed, current J flows through the 6.00 Q and 3.00 Q resistors. 

SET Up: With the switch closed, a and b are at the same potential and the voltage across the 6.00 Q resistor 
equals the voltage across the 6.00 uF capacitor and the voltage is the same across the 3.00 wF capacitor and 

3.00 Q resistor. 

EXECUTE: (a) With an open switch: V, =E =18.0 V. 


ab 
(b) Point a is at a higher potential since it is directly connected to the positive terminal of the battery. 
(c) When the switch is closed 18.0 V =1(6.00 Q +3.00 Q). 7=2.00 A and V, =(2.00 A)(3.00 Q) = 6.00 V. 
(d) Initially the capacitor’s charges were Q, = CV =(3.00x10° F)(18.0 V) =5.40x10° C and 
Q,=CV = (6.00x10° F)(18.0 V) =1.08x10* C. After the switch is closed 
Q, = CV = (3.00x 10% F)(18.0 V -12.0 V) =1.80x 10° C and 
OQ, =CV =(6.00x10° F)(18.0 V —6.0 V) =7.20x10~ C. Both capacitors lose 3.60x10™ C. 
EVALUATE: The voltage across each capacitor decreases when the switch is closed, because there is then current 
through each resistor and therefore a potential drop across each resistor. 
IDENTIFY: The current through the galvanometer for full-scale deflection is 0.0200 A. For each connection, there 
are two parallel branches and the voltage across each is the same. 
SETUP: The sum of the two currents in the parallel branches for each connection equals the current into the 
meter for that connection. 


EXECUTE: From the circuit we can derive three equations: 
(i) (R, + R, + R,)(0.100 A — 0.0200 A) = (48.0 02)(0.0200 A) and R, + R, + R, =12.0 Q. 


(ii) (R, + R,)(1.00 A — 0.0200 A) = (48.0 Q + R,)(0.0200 A) and R, + R, — 0.0204R, = 0.980 Q. 

(iii) R, (10.0 A — 0.0200 A) = (48.0 Q + R, + R,)(0.0200 A) and R, —0.002R, — 0.002 R, = 0.096 Q. 

From (i) and (ii), R, =10.8Q. From (ii) and (iii), R, =1.08 ©. Therefore, R, =0.12 Q. 

EVALUATE: For the 0.100 A setting the circuit consists of 48.0 Q and R, +R, + R, =12.0 Q in parallel and the 


equivalent resistance of the meter is 9.6 Q . For each of the other two settings the equivalent resistance of the 
meter is less than 9.6 Q . 

IDENTIFY: In each case the sum of the voltage drops across the resistors in the circuit must equal the full-scale 
voltage reading. The resistors are in series so the total resistance is the sum of the resistances in the circuit. 

SET Up: For each range setting the circuit has the form shown in Figure 26.76. 


Iş = 1.00 mA 

—> 

| Ro = 40.00 R | 
< V -> 


Figure 26.76 


EXECUTE: 3.00 V 
For V =3.00 V, R =R, and the total meter resistance R,, is Ra = Ro +R. 
V=I.R gea ee 

1.00x10~ A 


fs m 
Is 


R,, =R, +R, so R, = R, — R, =3.00x10° Q- 40.0 Q =2960 Q 


=3.00x10° Q. 
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15.0 V 
For V =15.0 V, R=R,+R, and the total meter resistance is R, = Ro +R, +R. 

V =1,R,, 80 R, = T PAN =1.50x10* Q. 
i I, 1.00x10” A 
R, =R, -R -R =1.50x10* Q -40.0 Q -2960 Q=1.20x10* Q 
150 V 
For V =150 V, R =R +R, +R, and the total meter resistance is R,, = Ro +R, +R, +R. 
V 150 V 
V=1,R, s0 R, =—= =— =1.50x10° Q. 
i I, 1.00x107” A 
R, =R,- R, -R - R, =1.50x10° Q -40.0 Q -2960 Q-1.20x10* Q=1.35x10° Q. 
EVALUATE: The greater the total resistance in series inside the meter the greater the potential difference between 
the two connections to the meter when the same 1.00 mA current flows through it. 

26.77. IDENTIFY: Connecting the voltmeter between point b and ground gives a resistor network and we can solve for 

the current through each resistor. The voltmeter reading equals the potential drop across the 200 KQ resistor. 
1 1 1 : . : 
SET UP: For resistors in parallel, a =— +—.. For resistors in series, R,, =, +,. 
eq 1 2 
-1 
0.400 k 
EXECUTE: (a) R,, =100kQ +4 l H l =140 KQ. The total current is / = oe =2.86x10° A. 
A 200kQ 50kQ 140 kQ 
-1 
The voltage across the 200 kQ resistor is Varo = IR = (2.86 x 10° A) : + salen lf Ge 114.4 V. 
200kQ 50kO 
(b) If V; =5.00x 10° Q, then we carry out the same calculations as above to find R= 292 kQ, 
I =1.37x10° A and Voro = 263 V. 
(c) If Vp =, then we find R,, =300kQ, J =1.33 x 10° A and Voro = 266 V. 
EVALUATE: When a voltmeter of finite resistance is connected to a circuit, current flows through the voltmeter 
and the presence of the voltmeter alters the currents and voltages in the original circuit. The effect of the voltmeter 
on the circuit decreases as the resistance of the voltmeter increases. 

26.78. IDENTIFY: The circuit consists of two resistors in series with 110 V applied across the series combination. 
SETUP: The circuit resistance is 30 KQ +R. The voltmeter reading of 68 V is the potential across the voltmeter 
terminals, equal to 7(30 KQ). 

110 ; 
EXECUTE: J= aes . [30 kQ) = 68 V gives (68 V)(30kQ + R) =(110 V)30kQ and R =18.5 KQ.. 
(30 kQ + R) 
EVALUATE: This is a method for measuring large resistances. 

26.79. IDENTIFY and SET UP: Zero current through the galvanometer means the current J, through N is also the current 
through M and the current J, through P is the same as the current through X. And it means that points b and c are at 
the same potential, so Z,N =1,P. 

. s E E : 
EXECUTE: (a) The voltage between points a and dis E ,so I, = and I, = . Using these 
N+M P+X 
expressions in J,N =1,P gives N= e P. N(P+X)=P(N+M). NX =PM and X =MP/N. 
N+M P+X 
MP 0.0 Q)(33.48 Q 
(b) X= 2 X e 1897 Q 
N 15.00 Q 
EVALUATE: The measurement of X does not require that we know the value of the emf. 
26.80. IDENTIFY: Add resistors in series and parallel with the second galvanometer, so that the equivalent resistance is 


65.0 Q and so that for a current of 1.50 mA into the device the current through the galvanometer is 3.60 4A . 
SET UP: In order for the second galvanometer to give the same full-scale deflection and to have the same 
resistance as the first, we need two additional resistances as shown in Figure 26.80. 

EXECUTE: For 3.60 wA through R the current through R, is 1.496 mA . R and R, are in parallel so have equal 


voltages: (3.6 “4A)(38.0 Q) = (1.496 mA)R, and R, =91.4 mQ . And for the total resistance to be 65.0 Q: 


1 1 
+ 
38.00 0.09140 


-1 
sso0= r| ) and R, =64.9Q. 
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EVALUATE: Adding R, in parallel lowers the equivalent resistance so R, must be added in series to raise the 
equivalent resistance to 65.0 Q. 


R = 38.00 1 = 3.6pA 


R 7=15mA 


Figure 26.80 


26.81. IDENTIFY and SET UP: Without the meter, the circuit consists of the two resistors in series. When the meter is 
connected, its resistance is added to the circuit in parallel with the resistor it is connected across. 
(a) EXECUTE: J=I/,=/, 
I= 90.0 V _ 90.0 V 
R +R, 224045890 
V, =1,R, = (0.1107 A)(224 Q) = 24.8 V; V, =1,R, = (0.1107 A)(589 Q)= 65.2 V 
(b) SETUP: The resistor network is sketched in Figure 26.8 la. 


=0.1107 A 


The voltmeter reads the potential 
difference across its terminals, 
which is 23.8 V. If we can find 


the current 7, through the 
voltmeter then we can use Ohm's 


7) 90.0 V law to find its resistance. 
Figure 26.81c 
EXECUTE: The voltage drop across the 589 Q resistor is 90.0 V -23.8 V =66.2 V, so 
I ze Ay =0.1124 A. The voltage drop across the 224 Q resistor is 23.8 V, so I, aoe =0.1062 A. 
R 589Q R 2249 
$ V 238V 
Then 7=7, +Z, gives J, = Z-Z, =0.1124 A -0.1062 A=0.0062 A. R, =—=———— = 3840 Q 
I, 0.0062 A 

(c) SET Up: The circuit with the voltmeter connected is sketched in Figure 26.8 1b. 
I, R = 38400 
E v 


224 Q 589 Q 


g Vooo 


Figure 26.81b 


EXECUTE: Replace the two resistors in parallel by their equivalent, as shown in Figure 26.81c. 


I 224.0 Reg | = l i t 
EN] Ra 38402 5899’ 
3840 Q )(589 Q 
A; pa OE) ag 


3840 Q +589 Q 
Figure 26.81c 


7 90.0 V 
224 Q+510.7 Q 
The potential drop across the 224 Q resistor then is ZR = (0.1225 A)(224 Q) = 27.4 V, so the potential drop 


across the 589 Q resistor and across the voltmeter (what the voltmeter reads) is 90.0 V — 27.4 V = 62.6 V. 


=0.1225A 


26-32 


Chapter 26 


26.82. 


26.83. 


26.84. 


26.85. 


26.86. 


(d) EVALUATE: No, any real voltmeter will draw some current and thereby reduce the current through the 
resistance whose voltage is being measured. Thus the presence of the voltmeter connected in parallel with the 
resistance lowers the voltage drop across that resistance. The resistance of the voltmeter is only about a factor of 

ten larger than the resistances in the circuit, so the voltmeter has a noticeable effect on the circuit. 

IDENTIFY: Just after the connection is made, q =0 and the voltage across the capacitor is zero. After a long time i =0. 
SETUP: The rate at which the resistor dissipates electrical energy is P, =V*/R, where V is the voltage across 

the resistor. The energy stored in the capacitor is q°/2C . The power output of the source is P, = £i . 

: yV? (120 V)’ dU 1 d(q’)_i 
EXECUTE: (a) (i) P, my hae CA x (q)_ ig _ 
R 4.260 dt 2C dt Ç 


120V 
Gii) P = EI =(120V) =3380 W. 
4269 


=3380W. (ii) P= 


(b) After a long time, i =0 , so P, =0, P. =0, P, =0. 
EVALUATE: Initially all the power output of the source is dissipated in the resistor. After a long time energy is 
stored in the capacitor but the amount stored isn't changing. 
IDENTIFY: Apply the loop rule to the circuit. The initial current determines R. We can then use the time constant 
to calculate C. 
SETUP: The circuit is sketched in Figure 26.83. 
E=110V oe 
Initially, the charge of the 
; cal i i f: capacitor is zero, so by 
| fi = 65 X 107A v=q/C the voltage across 


h c the capacitor is zero. 


Figure 26.83 


i 110 V 
EXECUTE: The loop rule therefore gives E-iR=0 and R= es —— =1.7x10°Q 
i 6.5x10° A 


T 6.2 s 
The time constant is given by r = RC (Eq.26.14), so C=—= = 3.6 uF. 
egy Ae Ee) R Lx A 


EVALUATE: The resistance is large so the initial current is small and the time constant is large. 


IDENTIFY: The energy stored in a capacitor is U =q7/2C. The electrical power dissipated in the resistor is P =i°R. 


SETUP: Fora discharging capacitor, i = nT . 
Q, _ (0.0081 C)’ 

2C 2(4.62 x 10° F) 
QO, y Pre (0.0081 ©)? 
RC (850 Q)(4.62 «10° F} 


EXECUTE: (a) U, = =7.10 J. 


=3616 W 


b) P, =1eR-[ 


2. 2 2 
c When U =U. LLO „o-& . This gives P = Q pal Q, R=ĊP =1808 W. 
0 8 0 
2 22C V2 RC 2\ RC 2 


EVALUATE: All the energy originally stored in the capacitor is dissipated as current flow through the resistor. 
IDENTIFY: g=Q,e '“°. The time constant is t=RC. 

SET Up: The charge of one electron has magnitude e =1.60x10°" C. 

EXECUTE: (a) We will say that a capacitor is discharged if its charge is less than that of one electron. The time this 
takes is then given by q =Q, "S, so t=RCIn(Q,/e) = (6.7 x10° Q)(9.2x107 F)ln(7.0x10° C/1.6x10°” C)=19.36 s, 
or 31.4 time constants. 

EVALUATE: (b) As shown in part (a), ¢=7ln(Q,/q) and so the number of time constants required to discharge 

the capacitor is independent of R and C, and depends only on the initial charge. 


IDENTIFY: The energy changes exponentially, but it does not obey exactly the same equation as the charge since 
it is proportional to the square of the charge. 

(a) SET Up: For charging, U = Q°/2C = (Qy e ®S}/2C = Uy eS. 

EXECUTE: To reduce the energy to 1/e of its initial value: 


U,fe=U er" 
t= RC/2 
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26.87. 


26.88. 


26.89. 


(b) SET Up: For discharging, U = Q°/2C = [Q1 — e "®/2C = Umax (1 — eSF 


: £ 1 
EXECUTE: To reach 1/e of the maximum energy, Uma/e = Umax (1 — e iss and t= -Rcin{I -=,| ; 


Je 


EVALUATE: The time to reach 1/e of the maximum energy is not the same as the time to discharge to 1/e of the 
maximum energy. 
IDENTIFY and SET UP: For parts (a) and (b) evaluate the integrals as specified in the problem. The current as a 


function of time is given by Eq.(26.13) i= cee The energy stored in the capacitor is given by 07 /2C. 


EXECUTE: (a) P=€i 


The total energy supplied by the battery is J, Pat = fi Eidt = (€7/R) | edt =(€° /R)[-RCe™'** |" SCE, 


0 


(b) P=i°R 
The total energy dissipated in the resistor is 


[, Pat =|" Rar =(€7/R) | e" dt =(€7/R)[ -(RC/2)e*"*" |? = 4.08". 

(c) The final charge on the capacitor is Q = CE. The energy stored is U = Q?/ (2C)=$CE >. The final energy stored 
in the capacitor (ce 2) = total energy supplied by the battery (ce 2) — energy dissipated in the resistor (ce 2) 

(d) EVALUATE: +4 of the energy supplied by the battery is stored in the capacitor. This fraction is independent of R. 


The other + of the energy supplied by the battery is dissipated in the resistor. When R is small the current initially 
is large but dies away quickly. When R is large the current initially is small but lasts longer. 


IDENTIFY: E= |, Pat . The energy stored in a capacitor is U =q*/2C. 


SETUP: j=- ete 
RC 
2 2 2 2 
aA : = ? SIRA RC 
EXECUTE: j= —- Qo gire gives P=i°R -2e aS and E= Q, -Í e™ dt = Qs e Q _ i 
RC C RC? RC 2 2C 
EVALUATE: Increasing the energy stored in the capacitor increases current through the resistor as the capacitor 


discharges. 
IDENTIFY and SET UP: 
EXECUTE: (a) Using Kirchhoff’s Rules on the circuit we find: 


Left loop: 92 —1407, — 2107, + 55 = 0 => 147 — 1407, - 2107, =0. 

Right loop: 57 —35/, — 21027, + 55 =0 >112- 210/7, —35/, =0. 

Junction rule: /,-J,+J, =0. 

Solving for the three currents we have: J, =0.300 A, Z, =0.500 A, 7, =0.200 A. 


(b) Leaving only the 92-V battery in the circuit: 
Left loop: 92 —1407, — 2107, =0. Right loop: —35/, — 2107, = 0. 


Junction rule: 7,- 7, +Z, =0. Solving for the three currents: 


1 =0.541 A, I, = 0.077 A, I, =—0.464 A. 


(c) Leaving only the 57-V battery in the circuit: 
Left loop: 1407, +2107, =0. Right loop: 57 —35/, — 2107, =0. 


Junction rule: /, — Z, +Z, =0. Solving for the three currents: 
I =—0.287 A, I, =0.192 A, I, =0.480 A. 


(d) Leaving only the 55-V battery in the circuit: 
Left loop: 55-1407, — 2107, =0. Right loop: 55-357, —210/, =0. 


Junction rule: 7, —Z, +7, =0. Solving for the three currents: 
I, = 0.046 A, I, =0.231A, I, =0.185A. 
(e) If we sum the currents from the previous three parts we find: 
I, = 0.300 A, I, =0.500 A, I, =0.200 A, just as in part (a). 
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(f) Changing the 57-V battery for an 80-V battery just affects the calculation in part (c). It changes to: Left loop: 
1407, +2107, =0. Right loop: 80 —35/, — 2107, =0. 
Junction rule: 7, — Z, + J, =0. Solving for the three currents: 


I, =-0.403 A, I, =0.269 A, L =0.672 A. 
The total current for the full circuit is the sum of (b), (d) and (f) above: 
I, =0.184 A, 1, =0.576 A, 1, =0.392 A. 


EVALUATE: This problem presents an alternative means of solving for currents in multiloop circuits. 
26.90. IDENTIFY and SETUP: When C changes after the capacitor is charged, the voltage across the capacitor changes. 
Current flows through the resistor until the voltage across the capacitor again equals the emf. 
EXECUTE: (a) Fully charged: Q = CV = (10.0 x10 F)(1000 V) =1.00x 10°C. 
Va E q 
R R RC 


(b) The initial current just after the capacitor is charged is J, = 


. . F E q _ , 
. This gives i(t) =| —-—= |e /*° 
IS gl (t) f | 


where C’=1.1C. 
(c) We need a resistance such that the current will be greater than 1 uA for longer than 200 ws. This requires that 
1.0x10* C jane s/R(L1x107 


Z ?® This says 
1.10.0x10™ F) 


1 
at t=200 ws, i=1.0x10° A=4{ 1000 V- 


1.0x10° A= Tooge tol and 18.3R — RInR -1.8 x10” =0. Solving for R numerically we find 


7.15x10f Q< R <7.01x10 Q. 


EVALUATE: Ifthe resistance is too small, then the capacitor discharges too quickly, and if the resistance is too 
large, the current is not large enough. 

26.91. IDENTIFY: Consider one segment of the network attached to the rest of the network. 
SETUP: We can re-draw the circuit as shown in Figure 26.91. 


-1 
RR 
EXECUTE: Ry =2R4( 3 | =2R +, R2-2R,R, -2R,R, =0. R, =R, +R? +2K,R,. Rp >0, 
2 


3 R +R, 
so R, =R, +R? +2R R, . 


EVALUATE: Even though there are an infinite number of resistors, the equivalent resistance of the network is finite. 


a 


b 
Figure 26.91 


26.92. IDENTIFY: Assume a voltage V applied between points a and b and consider the currents that flow along each 
path between a and b. 
SETUP: The currents are shown in Figure 26.92. 
EXECUTE: Let current / enter at a and exit at b. At a there are three equivalent branches, so current is 7/3 in each. 
At the next junction point there are two equivalent branches so each gets current 7/6. Then at b there are three 
equivalent branches with current 7/3 in each. The voltage drop from a tob then is 


v-(5)R + (Z}R + [5 ]8- +R. This must be the same as V = JR 


EVALUATE: The equivalent resistance is less than R, even though there are 12 resistors in the network. 


= 5 
eq? SOR, HGR. 


Figure 26.92 
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IDENTIFY: The network is the same as the one in Challenge Problem 26.91, and that problem shows that the 
equivalent resistance of the network is R, =4/R? +2R,R, . 


SET Up: The circuit can be redrawn as shown in Figure 26.93. 


R 1 RR 2R(R,+R 2R 
EXECUTE: (a) Vy =V» 4 _ =, and Ra = 21 But f= ii Al) A , SO 
2R+R, ”2R/R, +1 R, +R, R,R, Ra 
1 
Vakar g 
1+2 
V 
(b) V, V V, M M - y, es n-l ne Vy = 
(1+ f) 0+8) (+A) 0+8) (d+) 
CERETTA 2(2+ V3) 
If R, =R,, then R, = R, +4 R7 +2RR, = R(1+43) and B= Seager = 2.73. So, for the mth segment to have 1% 
+ 
1 


of the original voltage, we need: <0.01. This says n =4, and then V, = 0.005%; . 


(+ fy" (+2.73)" 
c) R,=R, +R, +2RR, gives R, = 6400 Q +4/(6400 Q)? + 2(6400 Q)(8.0 x10° Q) =3.2x10° Q and 
Ee 1 1 i pA 8 yi 
TA 2(6400 Q)(3.2 «10° Q+8.0x10° Q) 
(3.2x10° Q)(8.0x 108 Q) 
d) Along a length of 2.0 mm of axon, there are 2000 segments each 1.0 wm long. The voltage therefore 
galeng g 

Vi , SO Vaoo0 = 1 
a+ pg)" V,  (1+4.0x10°)°™ 
e) If R, =3.3x10" Q, then R, =2.1x10° Q and B=6.2x10~. This gives 

2 si 

Vavo = 1 

V  (1+6.2x10°)"™ 


EVALUATE: As R, increases, f decreases and the potential difference decrease from one section to the next is 


=4.0x10°. 


attenuates by Vo) = =3.4x10*. 


=0.88. 


less. 


Figure 26.93 
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27.2. 


IDENTIFY and SETUP: Apply Eq.(27.2) to calculate F. Use the cross products of unit vectors from Section 1.10. 
EXECUTE: ¥ =(+4.19x10* m/s)i +(-3.85x10° m/s) j 
(a) B=(1.40 T)i 


F = qx B =(-1.24x10* C)(1.40 T)| 4.1910" m/s)? xi -(3.85 x10" m/s) jx? | 
ixi=0,jxi=-k 
F =(-1.24x10* C)(1.40 T)(-3.85x10* m/s)(-K) =(-6.68 x10" N)é 
EVALUATE: The directions of # and B are shown in Figure 27. la. 

í B The right-hand rule gives that ¥x B is directed 

x out of the paper (+z-direction). The charge is 
: negative so F is opposite to ¥ x B; 

Figure 27.1a 


F is inthe —z- direction. This agrees with the direction calculated with unit vectors. 
(b) Execute: B=(1.40 T)k 

Ë = qřx B =(-1.24x10% C)(1.40 T)|(+4.19 «10% m/s) xk -(3.85x10* m/s) jxk | 
ey ee ee ry 


F =(-7.27x10* N)(-f)+(6.68x10* N)#=[ (6.6810 N)î+(7.27x10* N)j] 


EVALUATE: The directions of # and B are shown in Figure 27.1b. 


F 
B if The direction of F is opposite to yx B since 
EN 5 q is negative. The direction of F computed 
7 y from the right-hand rule agrees qualitatively 
K with the direction calculated with unit vectors. 
7 xB 
(by right-hand rule) 
Figure 27.1b 


IDENTIFY: The net force must be zero, so the magnetic and gravity forces must be equal in magnitude and 
opposite in direction. 

SET UP: The gravity force is downward so the force from the magnetic field must be upward. The charge’s 
velocity and the forces are shown in Figure 27.2. Since the charge is negative, the magnetic force is opposite to the 
right-hand rule direction. The minimum magnetic field is when the field is perpendicular to v . The force is also 


perpendicular to B , so B is either eastward or westward. 
EXECUTE: If B is eastward, the right-hand rule direction is into the page and F, s is out of the page, as required. 
mg _ (0.195x10° kg)(9.80 m/s”) _ 


1.91T. 
vlql (4.00x10* m/s)(2.50x10° C) 


Therefore, B is eastward. mg = |q|\vB sing. ¢=90° and B= 
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27.3. 


27.4. 


27.5. 


27.6. 


EVALUATE: The magnetic field could also have a component along the north-south direction, that would not 
contribute to the force, but then the field wouldn’t have minimum magnitude. 
N 


S 
wA 
OF, 


Figure 27.2 


IDENTIFY: The force F on the particle is in the direction of the deflection of the particle. Apply the right-hand 
rule to the directions of § and B . See if your thumb is in the direction of F , or opposite to that direction. Use 
F= |q|vB sing with ¢=90° to calculate F. 


SET Up: The directions of y, B and F are shown in Figure 27.3. 

EXECUTE: (a) When you apply the right-hand rule to Y and B , your thumb points east. F is in this direction, 
so the charge is positive. 

(b) F =|q|vBsin g = (8.50 x10 C)(4.75x10° m/s)(1.25 T)sin90° = 0.0505 N 


EVALUATE: Ifthe particle had negative charge and ¥ and B are unchanged, the particle would be deflected 


toward the west. 
N 


S 
Figure 27.3 


IDENTIFY: Apply Newton’s second law, with the force being the magnetic force. 
SET UP: jxîi=-k 


xB 
re and 


EXECUTE: F = ma =q xB gives a=4 


g = (1.2210 C)3.0x10* m/s)(1.63 Dx _ 


` (0.330 m/s”)k. 
1.81x10° kg 


EVALUATE: The acceleration is in the —z-direction and is perpendicular to both ¥ and B. 
IDENTIFY: Apply F = iq|vB sin ø and solve for v. 


SETUP: An electron has g=-1.60x10°" C. 

F 4.60 x10" N 
~ JaļBsing (1.6x10™ C)6.5x10° T)sin60° 
EVALUATE: Only the component Bsing of the magnetic field perpendicular to the velocity contributes to the 


force. 
IDENTIFY: Apply Newton’s second law and F = |q|vB sing . 


EXECUTE: v =9.49 x10° m/s 


SETUP: is the angle between the direction of # and the direction of B . 
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27.7. 


27.8. 


27.9. 


EXECUTE: (a) The smallest possible acceleration is zero, when the motion is parallel to the magnetic field. The 
greatest acceleration is when the velocity and magnetic field are at right angles: 


a- WB _ (1.6 x10” C)(2.50 x 10° m/s (7.4107 T) 


m (9.11x10™ kg) =3.25x10“m/s°. 


(b) If a=4(3.25x10"° m/s’) = guBsing then sing = 0.25 and ¢=14.5°. 
EVALUATE: The force and etot decrease as the angle ¢ approaches zero. 
IDENTIFY: Apply F=qixB. 
SETUP: v= vj , with v, =—3.80x 10°m/s. F, =+7.60 x10” N, F, =0, and F, =—5.20x 10° N. 
EXECUTE: (a) F, =q(v,B, —v,B,)=qv,B, . 
B, =F./qv, = (1.60 x 10° N)/({7.80 x10% C)( -3.80 x 10° m/s )] =— 0.256 T 
F, =q(v,B, —v,B,) =0, which is consistent with F as given in the problem. There is no force component along 
the direction of the velocity. 
F, =q(v,B, —v,B,)=—qv,B,. B,=—F_/qv,=-0.175T . 
(b) B, is not determined. No force due to this component of B along ¥ ; measurement of the force tells us nothing 
about B.. 
(©) B-F =B F,+B,F, +B F, =(-0.175 T)(+7.60x10° N) + (—0.256 T)(-5.20x 10° N) 
B-F =0. Band F are perpendicular (angle is 90°) . 
EVALUATE: The force is perpendicular to both ¥ and B, so Y-F is also zero. 
IDENTIFY and SETUP: F = qv x B=qB[v,(ixk)+v,(jxk) +v(kxk)] = qB iv (Cj) + v, Ò]. 
EXECUTE: (a) Set the expression for F equal to the given value of F to obtain: 
14; (7.40 x107 N) 


y 


v= = = =-106 m/s 
= gB, —(—5.60x10° CX —1.25T) 


OF — (3.40 x107 N) 


ž 


v, = — = = 
” qB, (-5.60x10° C)(-1.25T) 


48.6 m/s. 


(b) v, does not contribute to the force, so is not determined by a measurement of F . 


ae F, F, 
(© F-E =v F, +v,F, +v F, =——F, +—F, =0; 0=90°. 
i i -qB — qB, ` 


EVALUATE: The force is perpendicular to both Y and B , so B.F is also zero. 

IDENTIFY: Apply F = q7 x B to the force on the proton and to the force on the electron. Solve for the 
components of B. 

SETUP: F is perpendicular to both v and B . Since the force on the proton is in the +y-direction, B, = 0 and 
B= Bi +Bk . For the proton, v = (1.50 km/s)i ; 

EXECUTE: (a) For the proton, F = q(1.50x10° m/s)i x(B,i +B k) =q(1.50x10° m/s)B,(—j). F =(2.25x10™ N)j, 
2.25x10™ N 
(1.60x10™ C)(1.50x10° m/s) 
electron, ¥ = (4.75 km/s)(—k). F = q0 x B = (-e)(4.75x10° m/s)(-k) x (B,i + Bk) = +e(4.75x10° m/s)B, j . 

The magnitude of the force is F = e(4.75x10° m/s)|B,|. Since F =8.50x10™ N, 

= 8.50x10°'° N 
(1.60107 C)(4.75x10° m/s) 

the magnitude of the force on the electron. B = VB +B? = V(41.12 T) +(-0.938 T) =1.46 T. 


B. —0.938 T 
tan 0 =— = 
B, +1.12T 


—z-direction or 40° from the —x-direction toward the —z-direction . 


so BL = = -0.938 T . The force on the proton is independent of B, . For the 


=1.12 T. B,=+1.12 T . The sign of B, is not determined by measuring 


š 


. @=+40°. B is in the xz-plane and is either at 40° from the +x-direction toward the 
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27.10. 


27.11. 


27.12. 


(b) B=Bi+Bk. ¥=(3.2 km/s\(-j). 
F = qv x B =(-e)(3.2 km/s)(—j) x (B,i + B,k) = e(3.2x10° m/s)(B,(-k) + B.i) . 
F = (3.210? m/s)(-{41.12 T]k —[0.938 T]i) = -(4.80 x107 N)i £(5.73x 107 N)k 


Be -16 
F = JF? + F? =7.47x10™ N. tand= = = ot 5 . 0 = +50.0° . The force is in the xz-plane and is 
=a x 


directed at 50.0° from the —x-axis toward either the +z or —z axis, depending on the sign of B, . 
EVALUATE: Ifthe direction of the force on the first electron were measured, then the sign of B, would be 


determined. 

IDENTIFY: Magnetic field lines are closed loops, so the net flux through any closed surface is zero. 

SET Up: Let magnetic field directed out of the enclosed volume correspond to positive flux and magnetic field 
directed into the volume correspond to negative flux. 

EXECUTE: (a) The total flux must be zero, so the flux through the remaining surfaces must be —0.120 Wb. 

(b) The shape of the surface is unimportant, just that it is closed. 

(c) One possibility is sketched in Figure 27.10. 

EVALUATE: In Figure 27.10 all the field lines that enter the cube also exit through the surface of the cube. 


Figure 27.10 
IDENTIFY and SETUP: ©, = [8 -dA 


Circular area in the xy-plane, so A =r? = z (0.0650 m)? =0.01327 m° and dA is in the z-direction. Use 
Eq.(1.18) to calculate the scalar product. 

EXECUTE: (a) B= (0.230 T)k; B and dA are parallel (4 =0°) so B-d =B dA. 

B is constant over the circular area so ®, [B-d4 [2 dA Bid BA =(0.230 T)(0.01327 m°) =3.05x10° Wb 


(b) The directions of B and dA are shown in Figure 27.1 1a. 


B-dA=Bcos¢dA 
with ø =53.1° 


Figure 27.11a 
Band ¢ are constant over the circular area so ®, = [8 -dA = [2 cos¢dA = B cos glad =Bcos¢A 
P, = (0.230 T)cos53.19(0.01327 m?) =1.83x10° Wb 


(c) The directions of B and dA are shown in Figure 27.11b. 


aa B-dA=0 since dA and B are perpendicular (¢ = 90°) 
90° D, =[B-d4=0. 
B 


Figure 27.11b 


EVALUATE: Magnetic flux is a measure of how many magnetic field lines pass through the surface. It is 
maximum when B is perpendicular to the plane of the loop (part a) and is zero when B is parallel to the plane of 
the loop (part c). 

IDENTIFY: When B is uniform across the surface, ®, = B-A= BAcos¢. 


SETUP: A is normal to the surface and is directed outward from the enclosed volume. For surface abcd, 
A=-—Ai . For surface befc, A=—Ak . For surface aefd, cos¢ =3/5 and the flux is positive. 
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27.13. 


27.14. 


27.15. 


27.16. 


EXECUTE: (a) ®,(abcd) = B-A=0. 

(b) ©, (befc) = B- A = (0.128 T)(0.300 m)(0.300 m) =—0.0115 Wb. 

(c) ©,(aefd) = B- A = BAcos¢ = 2(0.128 T)(0.500 m)(0.300 m) = +0.0115 Wb. 

(d) The net flux through the rest of the surfaces is zero since they are parallel to the x-axis. The total flux is the 
sum of all parts above, which is zero. 

EVALUATE: The total flux through any closed surface, that encloses a volume, is zero. 

IDENTIFY: The total flux through the bottle is zero because it is a closed surface. 

SETUP: The total flux through the bottle is the flux through the plastic plus the flux through the open cap, so the 
sum of these must be zero. ® jcc + Peay = 0. 


plastic 


—®,,, =—B Acos® = -B(xr*)cos® 


plastic = 


EXECUTE: Substituting the numbers gives ® =- (1.75 T)n(0.0125 m)? cos 25° = -7.8 x 10“ Wb 


EVALUATE: [It would be impossible to calculate the flux through the plastic directly because of the complicated 
shape of the bottle, but with a little thought we can find this flux through a simple calculation. 
IDENTIFY: p=mv and L= Rp, since the velocity and linear momentum are tangent to the circular path. 


SET UP: |q|vB =mv'/R. 


plastic 


EXECUTE: (a) p=mv= m22) = RqB = (4.68 x10” m)(6.4x10™ C)(1.65 T) = 4.94x10™ kg m/s. 
m 


(b) L = Rp = R°qB = (4.68 x 10° m)’ (6.4x10™ C)(1.65 T) =2.31x10” kg-m?/s. 

EVALUATE: Ď is tangent to the orbit and L is perpendicular to the orbit plane. 

(a) IDENTIFY: Apply Eq.(27.2) to relate the magnetic force F to the directions of ¥ and B. The electron has 
negative charge so F is opposite to the direction of v xB. For motion in an arc of a circle the acceleration is 


toward the center of the arc so F must be in this direction. a =v°/R. 
SET UP: 
Vo X B 


* 
Vo 3 As the electron moves in the semicircle, 
its velocity is tangent to the circular path. 
i The direction of v, x B ata point along 
A B É 
S, a 


the path is shown in Figure 27.15. 
0.100 m 
Figure 27.15 

EXECUTE: For circular motion the acceleration of the electron @,,, is directed in toward the center of the circle. 
Thus the force F, *, exerted by the magnetic field, since it is the only force on the electron, must be radially inward. 
Since q is negative, F, is opposite to the direction given by the right-hand rule for V, x B. Thus B is directed 
into the page. Apply Newton's 2nd law to calculate the magnitude of B: YF = mä gives XF =ma 
F, =m(v°/R) 
F, =|q|vBsin g =|q|vB, so |q|vB = m(v’/R) 

mv _ (9.109x10*! kg)(1.41x 10° m/s) 


learns =1.60x10“ T 
lq] R (1.602x10™ C)(0.050 m) 


(b) IDENTIFY and SETUP: The speed of the electron as it moves along the path is constant. ( F, changes the 
direction of ¥ but not its magnitude.) The time is given by the distance divided by v. 
zR (0.050 m) 
v, 1.41x10° m/s 


EVALUATE: The magnetic field required increases when v increases or R decreases and also depends on the mass 
to charge ratio of the particle. 


EXECUTE: The distance along the semicircular path is 7R, so t = =1.11x107 s 


IDENTIFY: Newton’s second law gives |q|vB = mv’ /R . The speed v is constant and equals v, . The direction of 
the magnetic force must be in the direction of the acceleration and is toward the center of the semicircular path. 
SETUP: A proton has q =+1.60x10" C and m=1.67x10™~ kg. The direction of the magnetic force is given 
by the right-hand rule. 
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27.17. 


27.18. 


27.19. 


27.20. 


mv _ (1.67x 10” kg)(1.41 x 10°m/s) ME 
qR (1.60 x 107 C)(0.0500 m) 


The direction of the magnetic field is out of the page (the charge is positive), in order for F to be directed to the 
right at point A. 
(b) The time to complete half a circle is t = 7R/v, =1.11x107 s. 


EXECUTE: (a) B= 0.294 T 


EVALUATE: The magnetic field required to produce this path for a proton has a different magnitude (because of 
the different mass) and opposite direction (because of opposite sign of the charge) than the field required to 
produce the path for an electron. 

IDENTIFY and SET Up: Use conservation of energy to find the speed of the ball when it reaches the bottom of the 
shaft. The right-hand rule gives the direction of F and Eq.(27.1) gives its magnitude. The number of excess 
electrons determines the charge of the ball. 

EXECUTE: q =(4.00x10°)(-1.602 x10" C) =-6.408x10""' C 


speed at bottom of shaft: 4mv* = mgy; v = 4/2gy =49.5 m/s 
ý is downward and B is west, so ¥xB is north. Since q <9, F is south. 
F =|q|vBsin 6 = (6.408 x10" C)(49.5 m/s)(0.250 T)sin90° =7.93 x10" N 


EVALUATE: Both the charge and speed of the ball are relatively small so the magnetic force is small, much less 
than the gravity force of 1.5 N. 
IDENTIFY: Since the particle moves perpendicular to the uniform magnetic field, the radius of its path is 


R= The magnetic force is perpendicular to both ¥ and B . 
la|B 

SETUP: The alpha particle has charge q = +2e =3.20x10°" C. 

(6.6410 7” kg)(35.6x10° m/s) _ 
(3.20x10™ C)(1.10 T) 


circular arc of diameter 2R =1.35 mm. 

(b) For a very short time interval the displacement of the particle is in the direction of the velocity. The magnetic 
force is always perpendicular to this direction so it does no work. The work-energy theorem therefore says that the 
kinetic energy of the particle, and hence its speed, is constant. 

F, _|q|\vBsing _(3.20x10- C)(35.6x10° m/s)(1.10 T)sin 90° 
m m 6.64x107’ kg 


35.6x10° m/s)? 
also use a =~ and the result of part (a) to calculate a= 056x = 5) 
R 6.73x10~ m 


acceleration is perpendicular to # and B and so is horizontal, toward the center of curvature of the particle’s path. 


EXECUTE: (a) R= 6.73x10* m=0.673 mm. The alpha particle moves in a 


=1.88x10" m/s’. We can 


(c) The acceleration is a = 


=1.88 x10" m/s’, the same result. The 


EVALUATE: (d) The unbalanced force ( F, ) is perpendicular to ¥ , so it changes the direction of ¥ but not its 
magnitude, which is the speed. 

IDENTIFY: In part (a), apply conservation of energy to the motion of the two nuclei. In part (b) apply |ą|vB =mv°/R. 
SETUP: In part (a), let point 1 be when the two nuclei are far apart and let point 2 be when they are at their 
closest separation. 

EXECUTE: (a) K,+U,=K,+U,.U,=K,=0, so K,=U, and tm =ke’/r. 


vee 2k (1.602 x10” ©) = Zh —— =1.2x10'm/s 
mr (3.34x10~™ kg)(1.0x10™° m) 
-27 7 
(b) XF =ma gives qvB =mv°/r . B= me O EA SE) =0.10T. 


qr (1.602 x 10° C)(2.50 m) 
EVALUATE: The speed calculated in part (a) is large, 4% of the speed of light. 
IDENTIFY: F= |q|vB sing . The direction of F is given by the right-hand rule. 
SETUP: An electron has g=-e. 

F 0.00320 x10 N 
|q|vsing 8(1.60x 10° C)(500,000 m/s) sin 90° 


less than 90°, a larger field is needed to produce the same force. The direction of the field must be toward the south 


EXECUTE: (a) F =|q|vBsing. B= 


=5.00 T. Ifthe angle ¢ is 


so that ¥x B is downward. 
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F 4.60 x10 N 


—— — - =1.37x10"m/s. If ¢ is less than 90°, the 
|q|Bsing (1.60 x10" C)(2.10 T) sin 90° 


(b) F =|q|vBsing . v= 


speed would have to be larger to have the same force. The force is upward, so ¥ x B must be downward since the 
electron is negative, and the velocity must be toward the south. 
EVALUATE: The component of B along the direction of ¥ produces no force and the component of ¥ along the 
direction of B produces no force. 

27.21. (a) IDENTIFY and SETUP: Apply Newton's 2nd law, with a=v’/R since the path of the particle is circular. 


EXECUTE: SF =ma says lq|vB = m(v?/R) 


ABR _ (1.602 x10" C)(2.50 T)(6.96x10* m) 
m 3.34x1077 kg 
(b) IDENTIFY and SET UP: The speed is constant so ¢ = distance/v. 
zR 7(6.96x10° m) 
T y 8.35x10° m/s 
(c) IDENTIFY and SET UP: kinetic energy gained = electric potential energy lost 
EXECUTE: mv =|q|V 


=8.35x10° m/s 


EXECUTE: t =2.62x10™% s 


my? _ (334x10” kg)(8.35x10° m/s) 
-2lad 2(1.602 x10" C) 


EVALUATE: The deutron has a much larger mass to charge ratio than an electron so a much larger B is required 
for the same v and R. The deutron has positive charge so gains kinetic energy when it goes from high potential to 
low potential. 


V =7.27x10° V =7.27 kV 


2 
27.22. IDENTIFY: For motion in an arc of a circle, a= = and the net force is radially inward, toward the center of the 
circle. 
SET UP: The direction of the force is shown in Figure 27.22. The mass of a proton is 1.67x10~” kg. 
EXECUTE: (a) F is opposite to the right-hand rule direction, so the charge is negative. F = md gives 
2 BR -19 
P ERA ares 'q| _ 3(1.60x10 CX0.250 T)(0.475 m) 
R m 12(1.67x10~" kg) 


(b) F, =|q|vBsin g = 3(1.60x10°” C)(2.8410° m/s)(0.250 T)sin90° =3.41x10" N . 


w= mg =12(1.67x10” kg)(9.80 m/s’) = 1.96x 10 N . The magnetic force is much larger than the weight of the 
particle, so it is a very good approximation to neglect gravity. 

EVALUATE: (c) The magnetic force is always perpendicular to the path and does no work. The particles move 
with constant speed. 


=2.84x10° m/s. 


e oB 
e e 
e e 
e e e e 
Figure 27.22 
mnf 


27.23. IDENTIFY: Example 27.3 shows that B = 


| | , where fis the frequency, in Hz, of the electromagnetic waves 
q 
that are produced. 

SETUP: An electron has charge q =—e and mass m=9.11x10~' kg. A proton has charge q = +e and mass 


m=1.67x10~ kg. 


m2xf _ (9.11x 107! kg)2x(3.00 x10" Hz) 
ql (1.60x10™° C) 


magnitude of magnetic field yet obtained on earth. 
(b) Protons have a greater mass than the electrons, so a greater magnetic field would be required to accelerate them 
with the same frequency and there would be no advantage in using them. 


EXECUTE: (a) B= =107 T. This is about 2.4 times the greatest 
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27.24, 


27.25. 


27.26. 


27.27. 


EVALUATE: Electromagnetic waves with frequency f =3.0 THz have a wavelength in air of 
A= F =3.0x10~ m. The shorter the wavelength the greater the frequency and the greater the magnetic field that 


is required. B depends only on fand on the mass-to-charge ratio of the particle that moves in the circular path. 
IDENTIFY: The magnetic force on the beam bends it through a quarter circle. 

SETUP: The distance that particles in the beam travel is s = R0, and the radius of the quarter circle is R = mv/qB. 
EXECUTE: Solving for R gives R = s/0 =s/(n/2) = 1.18 cm/(n/2) = 0.751 cm. Solving for the magnetic field: 

B = mv/qR = (1.67 x 10” kg)(1200 m/s)/[(1.60 x 10 '? C)(0.00751 m)] = 1.67 x 10° T 

EVALUATE: This field is about 10 times stronger than the Earth’s magnetic field, but much weaker than many 
laboratory fields. 


IDENTIFY: When a particle of charge —e is accelerated through a potential difference of magnitude V, it gains 
2 


kinetic energy eV. When it moves in a circular path of radius R, its acceleration is Ra 


SETUP: An electron has charge q = -e = -—1.60x10™"° C and mass 9.11x10™ kg. 


-19 3 
EXECUTE: 4mv°=eV and v= A a ALORIN P Y) =2.65x10' m/s. F = mä gives 
Ym 9.1110 kg 


mv _ (9.11x107! kg)(2.65x10" m/s) 
la|R (1.60 x10 C)(0.180 m) 


EVALUATE: The smaller the radius of the circular path, the larger the magnitude of the magnetic field that is 
required. 
IDENTIFY: After being accelerated through a potential difference V the ion has kinetic energy qV. The 


=8.38x10"T. 


2 
lalvBsing =m. ¢=90° and B= 


acceleration in the circular path is v7/R. 
SET Up: The ion has charge g=+e. 


-19 
EXECUTE: K=qV =+eV. mv =eV and v= ca = ots Leap Y =7.79x10* m/s. F, =|q|vBsin ¢. 
m 1.16x10° kg 
2 -26 4 
$=90°. F = mā gives lq|vB = m~ Re a161 EELA muy) 
R |q|B (1.60x10-" C)(0.723 T) 


EVALUATE: The larger the accelerating voltage, the larger the speed of the particle and the larger the radius of its 
path in the magnetic field. 
(a) IDENTIFY and SET UP: Eq.(27.4) gives the total force on the proton. At t =0, 


=7.81x10° m=7.81 mm. 


F =qvxB= a(va + v.k) xB Í =qv.B,j. F =(1.60x10 C)(2.00x10° m/s)(0.500 T) j =(1.60x10 N)j. 
(b) Yes. The electric field exerts a force in the direction of the electric field, since the charge of the proton is 
positive and there is a component of acceleration in this direction. 

(c) EXECUTE: In the plane perpendicular to B (the yz-plane) the motion is circular. But there is a velocity 
component in the direction of B, so the motion is a helix. The electric field in the +i direction exerts a force in 


the +i direction. This force produces an acceleration in the +i direction and this causes the pitch of the helix to 
vary. The force does not affect the circular motion in the yz-plane, so the electric field does not affect the radius of 
the helix. 

(d) IDENTIFY and SET UP: Eq.(27.12) and T =27/@ to calculate the period of the motion. Calculate a, 
produced by the electric force and use a constant acceleration equation to calculate the displacement in the x- 
direction in time 7/2. 

EXECUTE: Calculate the period T: œ = 'q|B/ m 


Qn 2am 2n(1.67x10™ kg) 


T = =1.312x107 s. Then t=7/2=6.56x10° s. vy, =1.50x10° m/s 
œ |q|B_ (1.60x10-” C)(0.500 T) 
1.60x107” C)(2.00x10* V/m 
(ee _| \ = k +1.916x10" m/s? 
m 1.67 x10% kg 


XX) = wt tiat 
x- x, =(1.50x10° m/s)(6.56x10® s) +4(1.916%10" m/s?)(6.56x10® s}? =1.40 em 


EVALUATE: The electric and magnetic fields are in the same direction but produce forces that are in 
perpendicular directions to each other. 
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27.28. 


27.29. 


27.30. 


27.31. 


IDENTIFY: For no deflection the magnetic and electric forces must be equal in magnitude and opposite in 

direction. 

SETUP: v=E£/B for no deflection. With only the magnetic force, q|vB =mv°/R 

EXECUTE: (a) v=E/B=(1.56x10'V/m)/(4.62 x 10° T) =3.38x 10°m/s. 

(b) The directions of the three vectors Y, E and B are sketched in Figure 27.28. 

( R= = (9.11x10™' kg)(3.38x10° m/s) 
|q|B (1.60107 C)(4.62 x10°% T) 

_ 2am _2aR _ 2n(4.17x107 m) 
lq|B v  (3.38x10°m/s) 

EVALUATE: For the field directions shown in Figure 27.28, the electric force is toward the top of the page and 

the magnetic force is toward the bottom of the page. 


=4.17x10° m. 


T =7.74x10° s. 


Figure 27.28 


IDENTIFY: For the alpha particles to emerge from the plates undeflected, the magnetic force on them must 
exactly cancel the electric force. The battery produces an electric field between the plates, which acts on the alpha 
particles. 

SET Up: First use energy conservation to find the speed of the alpha particles as they enter the plates: qV = 1/2 mv’. 
The electric field between the plates due to the battery is E =V,d. For the alpha particles not to be deflected, the 
magnetic force must cancel the electric force, so gvB = gE, giving B = E/v. 

EXECUTE: Solve for the speed of the alpha particles just as they enter the region between the plates. Their charge 


is 2e. 
4(1.60x 107 C)(1750V 
en ae ( I l aiii ai 
m 6.64x10” kg 


The electric field between the plates, produced by the battery, is 
E= V,/d = (150 V)/(0.00820 m) = 18,300 V 

The magnetic force must cancel the electric force: 

B = Elva = (18,300 V)/(4.11 x 10° m/s) = 0.0445 T 
The magnetic field is perpendicular to the electric field. If the charges are moving to the right and the electric field 
points upward, the magnetic field is out of the page. 
EVALUATE: The sign of the charge of the alpha particle does not enter the problem, so negative charges of the 
same magnitude would also not be deflected. 
IDENTIFY: For no deflection the magnetic and electric forces must be equal in magnitude and opposite in 
direction. 
SETUP: v=E/B for no deflection. 
EXECUTE: To pass undeflected in both cases, E = vB = (5.85 x 10° m/s )(1.35 T) = 7898 N/C. 


(a) If q =0.640 x10” C, the electric field direction is given by — G x (-k)) =i, since it must point in the opposite 


direction to the magnetic force. 

(b) If g=—0.320x10° C, the electric field direction is given by (j) x(-k)) =i, since the electric force must 
point in the opposite direction as the magnetic force. Since the particle has negative charge, the electric force is 
opposite to the direction of the electric field and the magnetic force is opposite to the direction it has in part (a). 
EVALUATE: The same configuration of electric and magnetic fields works as a velocity selector for both 
positively and negatively charged particles. 

IDENTIFY and SET UP: Use the fields in the velocity selector to find the speed v of the particles that pass through. 
Apply Newton's 2nd law with a=v’/R to the circular motion in the second region of the spectrometer. Solve for 
the mass m of the ion. 

EXECUTE: In the velocity selector |q|E =|q|vB. 


_ E _1.12x10° V/m 
B 0.540 T 


=2.074x10° m/s 
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In the region of the circular path YF = mä gives |ą|vB =m(v7/R) so m= |q|RB/v 
Singly charged ion, so |g|=+e =1.602 x10” C 


„n = 0602 x10 C)(0.310 m)(0.540 T) 
2.074x10° m/s 


=1.29x1075 kg 


1.29x10™ kg | 
1,66 x10" kg 


EVALUATE: Appendix D gives the average atomic mass of selenium to be 78.96. One of its isotopes has atomic 
mass 78. 
27.32. IDENTIFY and SETUP: Fora velocity selector, E =vB. For parallel plates with opposite charge, V = Ed. 


EXECUTE: (a) E = vB =(1.82 x10°m/s)(0.650 T) =1.18 x 10°V/m. 
(b) V = Ed =(1.18x10°V/m)(5.20 x 10° m) = 6.14 kV. 
EVALUATE: Any charged particle with v =1.82 x 10°m/s will pass through undeflected, regardless of the sign 


Mass number = mass in atomic mass units, so is 78. 


and magnitude of its charge. 
27.33. IDENTIFY: The magnetic force is F = IIB sin ø. For the wire to be completely supported by the field requires that 


F =mg and that F and w are in opposite directions. 

SET Up: The magnetic force is maximum when ¢=90°. The gravity force is downward. 
mg (0.150 kg)(9.80 m/s”) 
IB (2.00 m)(0.55x10* T) 
heating due to the resistance of the wire would be severe; such a current isn’t feasible. 


EXECUTE: (a) /B=mg. I= =1.34x10* A. This is a very large current and ohmic 


(b) The magnetic force must be upward. The directions of 7, B and F are shown in Figure 27.33, where we have 


assumed that B is south to north. To produce an upward magnetic force, the current must be to the east. The wire 
must be horizontal and perpendicular to the earth’s magnetic field. 


EVALUATE: The magnetic force is perpendicular to both the direction of / and the direction of B. 
N 


Figure 27.33 


27.34. IDENTIFY: Apply F =//Bsing. 
SET Up: /=0.0500 m is the length of wire in the magnetic field. Since the wire is perpendicular to B, ¢=90°. 
EXECUTE: F = //B =(10.8 A)(0.0500 m)(0.550 T) = 0.297 N. 


EVALUATE: The force per unit length of wire is proportional to both B and J. 

27.35. IDENTIFY: Apply F =//Bsing. 
SET Up: Label the three segments in the field as a, b, and c. Let x be the length of segment a. Segment b has 
length 0.300 m and segment c has length 0.600 cm- x. Figure 27.35a shows the direction of the force on each 
segment. For each segment, ¢=90°. The total force on the wire is the vector sum of the forces on each segment. 


EXECUTE: F, = IIB =(4.50 A)x(0.240 T). F, = (4.50 A)(0.600 m—x)(0.240 T). Since F, and F, are in the 
same direction their vector sum has magnitude F „= F, +F, = (4.50 A)(0.600 m)(0.240 T) = 0.648 N and is 
directed toward the bottom of the page in Figure 27.35a. F, = (4.50 A)(0.300 m)(0.240 T) = 0.324 N and is 
directed to the right. The vector addition diagram for F, and F, is given in Figure 27.35b. 

F 0.648 N 
F, 0324N 
magnitude 0.724 N and its direction is specified by 8 = 63.4° in Figure 27.35b. 


and @=63.4°. The net force has 


F =,|F? + F? =,/(0.648 NP +(0.324 NF =0.724N. tand= 
ac b 
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27.36. 


27.37. 


27.38. 


27.39. 


EVALUATE: All three current segments are perpendicular to the magnetic field, so ø =90° for each in the force 
equation. The direction of the force on a segment depends on the direction of the current for that segment. 


(a) 


Figure 27.35 


IDENTIFY and SET Up: F =JIBsing. The direction of F is given by applying the right-hand rule to the 
directions of J and B . 

EXECUTE: (a) The current and field directions are shown in Figure 27.36a. The right-hand rule gives that F is 
directed to the south, as shown. ¢=90° and F =(1.20A)(1.00x10~ m)(0.588 T) =7.06x107 N. 

(b) The right-hand rule gives that F is directed to the west, as shown in Figure 27.36b. ø =90° and 

F =7.06x107 N , the same as in part (a). 

(c) The current and field directions are shown in Figure 27.36c. The right-hand rule gives that F is 60.0° north of 
west. 6=90°so F =7.06x10~ N , the same as in part (a). 


EVALUATE: In each case the current direction is perpendicular to the magnetic field. The magnitude of the 
magnetic force is the same in each case but its direction depends on the direction of the magnetic field. 


N 
wor 
S 
F 
I I 
F B 
(a) (b) 
Figure 27.36 


IDENTIFY: F-=Bsing. 
SETUP: Since the field is perpendicular to the rod it is perpendicular to the current and ¢=90°. 
~ a 0.13. N -97A 

IB (0.200 m)(0.067 T) 


EVALUATE: The force and current are proportional. We have assumed that the entire 0.200 m length of the rod is 
in the magnetic field. 


EXECUTE: J 


IDENTIFY: Apply Ë =i xB . 

SETUP: The magnetic field of a bar magnet points away from the north pole and toward the south pole. 
EXECUTE: Between the poles of the magnet, the magnetic field points to the right. Using the fingertips of your 
right hand, rotate the current vector by 90° into the direction of the magnetic field vector. Your thumb points 
downward—which is the direction of the magnetic force. 

EVALUATE If the two magnets had their poles interchanged, then the force would be upward. 

IDENTIFY and SET Up: The magnetic force is given by Eq.(27.19). F, =mg when the bar is just ready to levitate. 


When J becomes larger, F, > mg and F, — mg is the net force that accelerates the bar upward. Use Newton's 2nd 
law to find the acceleration. 
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27.40. 


27.41. 


27.42. 


27.43. 


=32.67A 


(a) EXECUTE: J//B=mg, I =""£ = (0.750 kg)(9.80 m/s?) 
IB (0.500 m)(0.450 T) 


E = IR =(32.67 A)(25.0 Q) =817 V 

(b) R=2.0 Q, I =E/R=(816.7 V)/(2.0 Q) =408 A 

F, = IIB =92 N 

a =(F, —mg)/m =113 m/s? 

EVALUATE: / increases by over an order of magnitude when R changes to F, >> mg and a is an order of 
magnitude larger than g. 

IDENTIFY: The magnetic force F, must be upward and equal to mg. The direction of F, is determined by the 
direction of J in the circuit. 


SETUP: F, =J/Bsing, with ø =90°. I -2 , where V is the battery voltage. 


EXECUTE: (a) The forces are shown in Figure 27.40. The current / in the bar must be to the right to produce 
F, upward. To produce current in this direction, point a must be the positive terminal of the battery. 

IIB VIB (175 V)(0.600 m)(1.50 T) 
~ g Rg (5.00 Q)(9.80 m/s”) 


EVALUATE: Ifthe battery had opposite polarity, with point a as the negative terminal, then the current would be 
clockwise and the magnetic force would be downward. 


(b) F, =mg . IIB =mg .m 


=3.21 kg. 


Fg 
B® => 

mg 
Figure 27.40 


IDENTIFY: Apply F = II x B to each segment of the conductor: the straight section parallel to the x axis, the 
semicircular section and the straight section that is perpendicular to the plane of the figure in Example 27.8. 
SETUP: B= Bi . The force is zero when the current is along the direction of B . 

EXECUTE: (a) The force on the straight section along the —x-axis is zero. For the half of the semicircle at 
negative x the force is out of the page. For the half of the semicircle at positive x the force is into the page. The net 
force on the semicircular section is zero. The force on the straight section that is perpendicular to the plane of the 
figure is in the —y-direction and has magnitude F = JLB. The total magnetic force on the conductor is ZLB, in the 


-y-direction. 

EVALUATE: (b) If the semicircular section is replaced by a straight section along the x -axis, then the magnetic 
force on that straight section would be zero, the same as it is for the semicircle. 

IDENTIFY: 7c=JABsing. The magnetic moment of the loop is u =A . 

SET Up: Since the plane of the loop is parallel to the field, the field is perpendicular to the normal to the loop and 
~=90°. 

EXECUTE: (a) 7 = JAB =(6.2 A)(0.050 m)(0.080 m)(0.19 T) =4.7x10° N-m 

(b) u= IA =(6.2 A)(0.050 m)(0.080 m) =0.025 A -m° 

EVALUATE: The torque is a maximum when the field is in the plane of the loop and ¢=90°. 

IDENTIFY: The period is T =2zr/v, the current is Q/t and the magnetic moment is z= JA 

SETUP: The electron has charge —e . The area enclosed by the orbit is zr’. 

EXECUTE: (a) T =27 /v=1.5x10™ s 

(b) Charge —e passes a point on the orbit once during each period, so J = Q/t=e/t=1.1mA. 

(ce) u =A= Imr’ =9.3x10™ A-m? 

EVALUATE: Since the electron has negative charge, the direction of the current is opposite to the direction of 
motion of the electron. 
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27.44. 


27.45. 


27.46. 


27.47. 


IDENTIFY: 7t=JABsing, where ¢ is the angle between B and the normal to the loop. 

SETUP: The coil as viewed along the axis of rotation is shown in Figure 27.44a for its original position and in 
Figure 27.44b after it has rotated 30.0° . 

EXECUTE: (a) The forces on each side of the coil are shown in Figure 27.44a. F + F,=Oand F, + F, =0 . The 
net force on the coil is zero. ¢=0° and sing=0,so T =0. The forces on the coil produce no torque. 

(b) The net force is still zero. ø = 30.0° and the net torque is 

t = (1)(1.40 A)(0.220 m)(0.350 m)(1.50 T)sin30.0° = 0.0808 N -m . The net torque is clockwise in Figure 27.44b 
and is directed so as to increase the angle ø . 

EVALUATE: For any current loop in a uniform magnetic field the net force on the loop is zero. The torque on the 
loop depends on the orientation of the plane of the loop relative to the magnetic field direction. 


F, 
F, axis F] 1@ 
F Oj OF, TRN 
B 
l 
l 
l 
normal 
(a) 


Figure 27.44 


IDENTIFY: The magnetic field exerts a torque on the current-carrying coil, which causes it to turn. We can use 
the rotational form of Newton’s second law to find the angular acceleration of the coil. 
SETUP: The magnetic torque is given by 7 = j4 x B , and the rotational form of Newton’s second law is 


ye =Ia . The magnetic field is parallel to the plane of the loop. 


EXECUTE: (a) The coil rotates about axis A, because the only torque is along top and bottom sides of the coil. 
(b) To find the moment of inertia of the coil, treat the two 1.00-m segments as point-masses (since all the points in 
them are 0.250 m from the rotation axis) and the two 0.500-m segments as thin uniform bars rotated about their 
centers. Since the coil is uniform, the mass of each segment is proportional to its fraction of the total perimeter of 
the coil. Each 1.00-m segment is 1/3 of the total perimeter, so its mass is (1/3)(210 g) = 70 g = 0.070 kg. The mass 
of each 0.500-m segment is half this amount, or 0.035 kg. The result is 


I =2(0.070 kg)(0.250 m)? +24(0.035 kg)(0.500 m)? = 0.0102 kg-m? 
The torque is 
|z| = | pix B| = IABsin 90° = (2.00 A)(0.500 m)(1.00 m)(3.00 T) =3.00 N -m 


Using the above values, the rotational form of Newton’s second law gives 


a= | = 290 rad/s? 


EVALUATE: This angular acceleration will not continue because the torque changes as the coil turns. 
IDENTIFY: 7=xB and U=-yBcos¢, where w= NIB. t= uBsing . 

SETUP: 4 is the angle between B and the normal to the plane of the loop. 

EXECUTE: (a) ¢=90°. t= NIABsin(90°) = NIAB, direction k x j=-i. U =- uBcosġ =0. 

(b) ¢=0. t = NIABsin(0) = 0, no direction. U =— wBcos¢ = — NIAB. 

(© ø =90°. t= NIAB sin(90°) = NIAB, direction —k x j=i. U =-Bcos¢ =0. 

(d) ¢=180°: t = NIAB sin(180°) = 0, no direction, U = — uB cos(180°) = NIAB. 

EVALUATE: When 7 is maximum, U =0. When |U | is maximum, T=0. 

IDENTIFY and SETUP: The potential energy is given by Eq.(27.27): U = Ūū- B. The scalar product depends on 
the angle between gw and B. 

EXECUTE: For # and B parallel, ø = 0° and -B = uBcosģġ = uB. For wand B antiparallel, 
¢=180° and 5- B = uBcosġ =—pB. 

U, =+uB, U, = -uB 

AU =U, -U, =-2uB =-2(1.45 A-m’)(0.835 T) = -2.42 J 


EVALUATE: Uis maximum when # and B are antiparallel and minimum when they are parallel. When the coil 


is rotated as specified its magnetic potential energy decreases. 
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27.48. IDENTIFY: Apply Eq.(27.29) in order to calculate 7. The power drawn from the line is Pppiiea = Za - The 


mechanical power is the power supplied minus the 7°r electrical power loss in the internal resistance of the motor. 
SETUP: V,,=120V, €=105 V, and r=3.2 Q. 


E 120 V -105 V 
EXECUTE: (a) V,,=€+iIr>I1 Va -E 2 Me 
r 3.2 Q 


(b) P applica = IV. T (4.7 A)(120 v) 7 564 W. 
O Pre, = IV, — r= 564 W - (4.7 A} (3.2 Q) = 493 W. 
EVALUATE: Ifthe rotor isn’t turning, when the motor is first turned on or if the rotor bearings fail, then € =0 


120V . . ; ib cat 
and [= 3720 =37.5 A. This large current causes large Z°r heating and can trip the circuit breaker. 


4.7 A. 


ech 


27.49. IDENTIFY: The circuit consists of two parallel branches with the potential difference of 120 V applied across 
each. One branch is the rotor, represented by a resistance R, and an induced emf that opposes the applied 


potential. Apply the loop rule to each parallel branch and use the junction rule to relate the currents through the 
field coil and through the rotor to the 4.82 A supplied to the motor. 
SETUP: The circuit is sketched in Figure 27.49. 


I = 4.82 A L 
oS 4 


E is the induced emf developed by 
the motor. It is directed so as to 
oppose the current through the rotor. 


Figure 27.49 


EXECUTE: (a) The field coils and the rotor are in parallel with the applied potential difference V, so V =1,R;. 
a = ube =1.13 A. 

R, 106Q 

(b) Applying the junction rule to point a in the circuit diagram gives J —J, —1, =0. 

I, =1-1, =4.82 A-1.13 A=3.69 A. 

(c) The potential drop across the rotor, /,R, +E, must equal the applied potential difference V:V =I R, +E 
E=V -I,R, =120 V-(3.69 A)(5.9 Q)=98.2 V 


(d) The mechanical power output is the electrical power input minus the rate of dissipation of electrical energy in 
the resistance of the motor: 

electrical power input to the motor 

P, =1V =(4.82 A)(120 V)=578 W 

electrical power loss in the two resistances 

Pog = TPR, + IR = (1.13 A) (106 Q)+ (3.69 A) (5.9 Q)=216 W 

mechanical power output 

Pa =P. -Baxs =578 W -216 W =362 W 

The mechanical power output is the power associated with the induced emf € 

Pu =P = El, = (98.2 V)(3.69 A) = 362 W, which agrees with the above calculation. 


out 


£ 


EVALUATE: The induced emf reduces the amount of current that flows through the rotor. This motor differs from 
the one described in Example 27.12. In that example the rotor and field coils are connected in series and in this 
problem they are in parallel. 


27.50. IDENTIFY: The field and rotor coils are in parallel, so V,, =/,;R, =E+1,R,and J =I,+TJ,, where Z is the current 
drawn from the line. The power input to the motor is P =V „I. The power output of the motor is the power input 
minus the electrical power losses in the resistances and friction losses. 

SETUP: V,,=120V. 1=4.82 A. 


12 
EXECUTE: (a) Field current 7, = Ay =0.550 A. 


(b) Rotor current 7, =/ I, =4.82 A -0.550 A = 4.27 A. 


total 
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(ce) V =E+IR, and €=V -I R, =120 V - (4.27 A)(5.9 Q) = 94.8 V. 
(d) P = I?R, = (0.550 A) (218 Q) = 65.9 W. 

(e) P =T?R, =(4.27 A} (5.9 Q) =108 W. 

(£) Power input = (120 V) (4.82 A) = 578 W. 

Papu _ (578 W -65.9 W -108 W -45 W) _ 359 W 


Efficiency = =0.621. 
15) f ipui 578 W 578 W 
EVALUATE: — /°R losses in the resistance of the rotor and field coils are larger than the friction losses for this 
motor. 


27.51. IDENTIFY: The drift velocity is related to the current density by Eq.(25.4). The electric field is determined by the 
requirement that the electric and magnetic forces on the current-carrying charges are equal in magnitude and 
opposite in direction. 

(a) SETUP: The section of the silver ribbon is sketched in Figure 27.5 1a. 


Figure 27.5la 
EXECUTE: J, = pees ue = = 4.4210" A/m? 
A yz (0.23x107 m)(0.0118 m) 
J 442x10" A/m? 


Saur 24.7810? m/s = 4.7 mm/ 
C nla] (5.85x10*/m’)(1.602x10-” C) * 3 s 


(b) magnitude of E 
lq|E. =|a|vaB, 
E, =v,B, =(4.7x10° m/s)(0.95 T) =4.5x10° V/m 


y 


direction of E 
The drift velocity of the electrons is in the opposite direction to the current, as shown in Figure 27.5 1b. 


a Gas px Bt 
BO F, =qvx B=-evx BY 
Figure 27.51b 


The directions of the electric and magnetic forces on an electron in the ribbon are shown in Figure 27.51c. 


O F, must oppose F, so F, 
, is in the —z-direction 
|” 
Figure 27.51c 


F c= gE =-cE so E is opposite to the direction of F, and thus E is in the +z-direction. 
(c) The Hall emf is the potential difference between the two edges of the strip (at z = 0 and z = z, ) that results from 
the electric field calculated in part (b). Egan = £z, =(4.5x107 V/m)(0.0118 m) =53 uV 
EVALUATE: Even though the current is quite large the Hall emf is very small. Our calculated Hall emf is more 
than an order of magnitude larger than in Example 27.13. In this problem the magnetic field and current density are 
larger than in the example, and this leads to a larger Hall emf. 

27.52. IDENTIFY: Apply Eq.(27.30). 
SETUP: A=y,z,. E =€/z,. |q|=e. 

_J,B, IB, Bz IB, 

gE. Alq 


EXECUTE: n = 
E, AlglE y,|g\é 


pe (78.0 A)(2.29 T) 
(2.3x10~ m)(1.6 x 107” C)(1.31x107 V) 
EVALUATE: The value ofn for this metal is about one-third the value of n calculated in Example 27.12 for copper. 


=3.7 x10” electrons / m? 
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27.53. (a) IDENTIFY: Use Eq.(27.2) to relate Y, B, and F. 
SETUP: The directions of ¥, and F are shown in Figure 27.53a. 


l F =q0xB says that F is perpendicular 
to ¥ and B. The information given here 


F means that B can have no z-component. 
Figure 27.53a 


The directions of ¥, and F, are shown in Figure 27.53b. 

y 

F is perpendicular to ¥ and B, so B can 
x have no x-component. 


Figure 27.53b 


Both pieces of information taken together say that B is in the y-direction; B = Bj. 


EXECUTE: Use the information given about F, to calculate F, : F, F.i, vV, =v,k, B Bj. 


F, =qv,x B says Fi = qv,B,k xj= qvB,(-i) and F, =—qv,B, 
B, =-F, qv,) = -F,/(qv,). B has the maginitude F, /(qv,) and is in the — y-direction. 
(b) F =qvBsing = qv, |B,|/ 42 =F,/J2 
EVALUATE: v, =v,.¥, is perpendicular to B whereas only the component of Y, perpendicular to B contributes 
to the force, so it is expected that F, > F,, as we found. 
27.54. IDENTIFY: Apply F =q0x B. 
SETUP: B,=0.450T, B,=0and B, =0. 
EXECUTE: F, =q(v,B, —v,B,)=0. 
F, =q(v,B, —v,B.) =(9.45x10™ C)(5.85x10* m/s)(0.450 T) =2.49x10° N. 
F, =q(v,B, —v,B,) =-(9.45x10* C)(-3.1110* m/s)(0.450 T) =1.32x10° N. 


EVALUATE: F is perpendicular to both ¥ and B. We can verify that F -¥ =0. Since B is along the x-axis, 
v, does not affect the force components. 

27.55. IDENTIFY: The sum of the magnetic, electrical, and gravitational forces must be zero to aim at and hit the target. 
SET Up: The magnetic field must point to the left when viewed in the direction of the target for no net force. The 
net force is zero, so bea =F, -F,-mg =0 and qvB — gE -—mg=0. 

EXECUTE: Solving for B gives 
B= qE+mg _ (2500x10“ C)(27.5 N/C) + (0.0050 kg)(9.80 m/s”) 
qv (2500x10°° C)(12.8m/s) 
The direction should be perpendicular to the initial velocity of the coin. 
EVALUATE: This is a very strong magnetic field, but achievable in some labs. 

27.56. IDENTIFY: Apply R= mv/|q|B . @=v/R 
SETUP: 1eV=1.60x10" J 
EXECUTE: (a) K =2.7 MeV =(2.7 x 10%eV) (1.6 x 10°” J/eV) = 4.32 x10? J. 


-13 
spe OE ee ooo als 
m 


1.67 x10’ kg 
-27 7 7 
mv _ (1.67 x10” kg) (2.27 x10" m/s) E AN EEE 2.27 x10’ m/s 


qB (1.6x10™ C) (3.5 T) R 0.068 m 


=3.7T 


R= =3.34 x10" rad/s. 


(b) If the energy reaches the final value of 5.4 MeV, the velocity increases by V2 , as does the radius, to 0.096 m. 
The angular frequency is unchanged from part (a) so is 3.34 x 10° rad/s. 
EVALUATE: @= |q|B/ m ,so @is independent of the energy of the protons. The orbit radius increases when the 


energy of the proton increases. 
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27.57. 


27.58. 


27.59. 


27.60. 


(a) IDENTIFY and SET Up: The maximum radius of the orbit determines the maximum speed v of the protons. 
Use Newton's 2nd law and a,=v’/R for circular motion to relate the variables. The energy of the particle is the 


kinetic energy K =4mv’. 
EXECUTE: YF = ma gives |q|vB =m(v"/R) 
PE lq|BR _ (1.60x10-” C)(0.85 T)(0.40 m) 
m 1.67x10” kg 
speed is K =4mv’ =4(1.67 x10” kg)(3.257x10" m/s)’ =8.9x10™° J=5.6 MeV 
2aR — 2n(0.40 m) 
v 3.25710" m/s 


|q|BR ) lol BR? _ 2K 


=3.257x10' m/s. The kinetic energy of a proton moving with this 


=7.7x10% s 


(b) The time for one revolution is the period T = 


. Bis proportional to VK, so if K is increased by a 


5 . Or, B 


K=1} 2_1 
(c) smv in| = lk 


m 
factor of 2 then B must be increased by a factor of V2. B= 20.85 T)=1.2 T. 


i |q|BR _ (3.20x10-" C)(0.85 T)(0.40 m) 
m 


=1.636x10" m/s 
6.65x10” kg 


(d) 


K =14mv’ =14(6.65x107 kg)(1.636 x10’ m/s)’ =8.9x10™ J=5.5 MeV, the same as the maximum energy for 
protons. 
EVALUATE: We can see that the maximum energy must be approximately the same as follows: From part (c), 


N 


2 
K = TE . For alpha particles ql is larger by a factor of 2 and m is larger by a factor of 4 (approximately). 
m 


Thus lal /m is unchanged and K is the same. 

IDENTIFY: Apply F =qv¥xB. 

SETUP: v= vj 

EXECUTE: (a) F =-qv[B,(jxi)+B,(jx ĵ)+B.(Ìxk)]=qvB,k -qvB i 
(b) B, > 0, B, <0, sign of B, doesn't matter. 

(c) F= laļvB i - |q|vB k and |F| = V2\q|vB.. 


EVALUATE: F is perpendicular to ¥ ,so F has no y-component. 


IDENTIFY: The contact at a will break if the bar rotates about b. The magnetic field is directed out of the page, so 
the magnetic torque is counterclockwise, whereas the gravity torque is clockwise in the figure in the problem. The 
maximum current corresponds to zero net torque, in which case the torque due to gravity is just equal to the torque 
due to the magnetic field. 


SET Up: The magnetic force is perpendicular to the bar and has moment arm //2 , where / =0.750 m is the 


length of the bar. The gravity torque is mg (eos 600°) 


EXECUTE: 7 


gravity T 


T, and mg- cos 60.0° = JIB sin 90°. This gives 


_ mgcos60.0° _ (0.458 kg)(9.80 m/s? )(cos60.0°) _ 
IBsin90° (0.750 m)(1.55 T)(1) 


1.93 A 


EVALUATE: Once contact is broken, the magnetic torque ceases. The 90.0° angle in the expression for T, is the 
angle between the direction of / and the direction of B. 


IDENTIFY: Apply R= ue, 
alB 


SETUP: Assume D << R 
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EXECUTE: (a) The path is sketched in Figure 27.60. 
(b) Motion is circular: x° + y? = R? >x=D=> y, =4 R° — D? (path of deflected particle) 
y, =R (equation for tangent to the circle, path of undeflected particle). 


2 2 2 2 
d=y,-y,=R-VR?-D* =R-R,|l -xli 1 Z ier, asaf [i E "e 


2 2 R? 2R` 


: fan piu 1 2 V : 
particle moving in a magnetic field, R = 7” But tmv’ =qV, so R= z eME Thus, the deflection 
q 


qB 
dJa PB |4 DB]e 
2 N2mV 2 N\2mV` 


2 5 -19 
(c) d= Coum OANE Gs a ©) = 0.067 m=6.7cm. d x13% of D, which is fairly 
2 2(9.11x 10" kg)(750 V) 
significant. 
yh 2 
EVALUATE: In part (c), R= bem Pe D=3.7D and R =14 , so the approximation made in 
BN e 2d \2d D 
part (b) is valid. 


p—> 
Figure 27.60 


IDENTIFY and SET UP: Use Eq.(27.2) to relate g,¥,B and F. The force F and @ are related by Newton's 2nd law. 
B =-(0.120 T)k,¥ =(1.05x10° m/s)(—37 +47 +12k), F =1.25 N 

(a) EXECUTE: F =qv¥xB 

F = q(-0.120 T)(1.05x10° m/s)(—3i xk +4jxk+12k xk) 

ixk=-j,jxk=i,kxk =0 

F =-q(1.26x10° N/C)(43j +47) =-g(1.26 x10° N/C)(+4i +3/) 


The magnitude of the vector +4f +3/ is V3? +4? =5. Thus F =—g(1.26x10° N/C)(5). 
F 1.25N 
5(1.26x10° N/C)  5(1.26x10° N/C) 

(b) X F=mä soa=F/m 


1.98x10°C 


q= 


F =—q(1.26x10° N/C)(+4é +3 f) =—(-1.98 x10 C)(1.26 x 10° N/C)(+4f +37) =+0.250 N(+4i +3/) 
0.250 N 
2.58x10™ kg 


Then @=F/m -Í J +43 +37) =(9.69x10° m/s?)(+4f +3/) 


(c) IDENTIFY and SET Up: F is in the xy-plane, so in the z-direction the particle moves with constant speed 


12.6x10° m/s. In the xy-plane the force F causes the particle to move in a circle, with F directed in towards the 
center of the circle. 


EXECUTE: XF = mā gives F =m(v?/R) and R = mv’ /F 
v? =v? +v? =(-3.15x10f m/s) + (+4.20x10° m/s)? =2.756x10"° m?/s? 
F =,|F? + F? = (0.250 N) V4’ +3? =1.25 N 


my’ _ (2.58x10™ kg)(2.756 x10" m’/s’) 
F 1.25N 


R= = 0.0569 m = 5.69 cm 
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(d) IDENTIFY and SETUP: By Eq.(27.12) the cyclotron frequency is f = @/22 =v/27R. 
EXECUTE: The circular motion is in the xy-plane, so v= ,/v2 + v =5.25x10° m/s. 


| eae 5.25 x10° m/s 
22R 27(0.0569 m) 


(e) IDENTIFY and SET UP Compare f to the period T of the circular motion in the xy-plane to find the x and y 
coordinates at this ż. In the z-direction the particle moves with constant speed, so Z = Zo + vt. 


I) 1 

f 147x10 Hz 
In ¢ = 2T the particle has returned to the same x and y coordinates. The z-component of the motion is motion with a 
constant velocity of v, = +12.6x10° m/s. Thus z =z, + v.t=0+(12.6x10° m/s)X(2)X(6.80x10® s)=+1.71 m. 


The coordinates at t =2T are x = R, y = 0,z = +1.71 m. 


=1.47 x10" Hz, and œ =27 f =9.23x10" rad/s 


EXECUTE: The period of the motion in the xy-plane is given by T = =6.80x10% s 


EVALUATE: The circular motion is in the plane perpendicular to B. The radius of this motion gets smaller when 
B increases and it gets larger when v increases. There is no magnetic force in the direction of B so the particle 
moves with constant velocity in that direction. The superposition of circular motion in the xy-plane and constant 
speed motion in the z-direction is a helical path. 

IDENTIFY: The net magnetic force on the wire is the vector sum of the force on the straight segment plus the 
force on the curved section. We must integrate to get the force on the curved section. 


= fire sin 6d0 =2iRB 


0 


SET UP: XF = Tie top + F, 


curved 


+F 


straight, bottom 


and F 


straight, top = 


F, 


straight, bottom 


=iL grain D> F, 


straight"~ * ~ curved, x 


(the same as if it were a straight segment 2R long) and F, = 0 due to symmetry. Therefore, F = 2iLstraignB + 2iRB 
EXECUTE: Using Lsmaignt = 0.55 m, R = 0.95 m, i = 3.40 A, and B = 2.20 T gives F = 22 N, to right. 
EVALUATE: Notice that the curve has no effect on the force. In other words, the force is the same as if the wire 
were simply a straight wire 3.00 m long. 

IDENTIFY: 7c=ANIABsing. 


SET UP: The area A is related to the diameter D by A= 42D? . 


EXECUTE: 7=NI(42D°)Bsing. ris proportional to D’. Increasing D by a factor of 3 increases 7 by a factor of 
3 =9, 

EVALUATE: The larger diameter means larger length of wire in the loop and also larger moment arms because 
parts of the loop are farther from the axis. 

IDENTIFY: Apply F=qvxB 

SETUP: ¥=vk 

EXECUTE: (a) F =—qvB,i + qvB,j. But F =3Ff +4F,j, so 3F, =—qvB, and 4F, =qvB, 


F 4F ? ; 
Therefore, B, = city B, =—“and B. is undetermined. 
f qv i qv 
2 2 
F 11F 

b) B-E = [B7 B? +B? -A osig Z| gai s] ÆR opaa En, 

qv © W h qv F qv 
EVALUATE: The force doesn’t depend on B,, since v is along the z-direction. 
IDENTIFY: For the velocity selector, E =vB. For the circular motion in the field B’, R= ila 

q 


SETUP: B=8'=0.701T. 


4 
Execute: y=~= 188x10 NC 2.68x10' m/s. R = Z, so 
B  O0IT qB' 

-27 i 

i, = SACO AS) SEAN We) = nasa 
(1.60x 10" C)(0.701 T) 
-27 p 

ue AO sey eC a =~ = 0.0333 m. 
-27 i 

_ 86(1.66%10 7 kg)(2.68%10" m/s) _ 9) 0341 m. 


is (1.60x10" C)(0.701 T) 
The distance between two adjacent lines is AR =1.6 mm. 
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27.68. 


EVALUATE: The distance between the *Krline and the “Krline is 1.6 mm and the distance between the 
*Krline and the *Krline is 1.6 mm. Adjacent lines are equally spaced since the “Kr versus “Krand “Kr versus 
Kr mass differences are the same. 

IDENTIFY: Apply conservation of energy to the acceleration of the ions and Newton’s second law to their motion 
in the magnetic field. 


SET UP: The singly ionized ions have q =+e. A ”C ion has mass 12 u anda “C ion has mass 14 u, where 
1u=1.66x10 kg 


: ; ; |2 ; 
EXECUTE: (a) During acceleration of the ions, gV = +mv and v= aa In the magnetic field, 
m 


2p2 
pal _mv2qV im and m- E l 


qB qB 2V 
2 p2 >19: 2 2 
b) V= qB’R° _ (1.60x10 OOD) (0.500 m) -226x10 V 
2m 2(12)(1.66 x10% kg) 
(c) The ions are separated by the differences in the diameters of their paths. D=2R =2 — , SO 
q 


ae ao EW a ia: 
qB? qB? 
14 12 
AD =? [202-26 10* V)(1.66 x10 kg) 
(1.6x 107? C)(0.150 T) 


(vi4 J/12 ) =8.01x10~ m. This is about 8 cm and is easily distinguishable. 


2(1.60 x 107? C)(2.26 x10*V) 
12(1.66x10~ kg) 


well below the speed of light, so relativistic mechanics is not needed. 

IDENTIFY: The force exerted by the magnetic field is given by Eq.(27.19). The net force on the wire must be zero. 
SETUP: For the wire to remain at rest the force exerted on it by the magnetic field must have a component directed 
up the incline. To produce a force in this direction, the current in the wire must be directed from right to left in 
Figure 27.61 in the textbook. Or, viewing the wire from its left-hand end the directions are shown in Figure 27.67a. 


EVALUATE: The speed of the °C ion is v= | =6.0x10° m/s. This is very fast, but 


B 
I 
F 
1 (3 
Figure 27.67a 


The free-body diagram for the wire is given in Figure 27.67b. 


y 
EXECUTE: Š F,=0 
F, cos — Mgsin@ =0 


Mg sin 0 i 
NY F, =ILBsing 


/ ¢=90° since B is perpendicular 
to the current direction. 


x Mg 
Figure 27.67b 
. Met 
Thus (ZLB) cos 0 - Mgsin@ =0 and [= Hems 


EVALUATE: The magnetic and gravitational forces are in perpendicular directions so their components parallel to 
the incline involve different trig functions. As the tilt angle @ increases there is a larger component of Mg down 


the incline and the component of F, up the incline is smaller; Z must increase with @ to compensate. As 
0-0, I —> 0 and as 80> 90°,I > œ. 


IDENTIFY: The current in the bar is downward, so the magnetic force on it is vertically upwards. The net force on 
the bar is equal to the magnetic force minus the gravitational force, so Newton’s second law gives the acceleration. 
The bar is in parallel with the 10.0-Q resistor, so we must use circuit analysis to find the initial current through it. 
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27.70. 


27.71. 


27.72. 


27.73. 


SET Up: First find the current. The equivalent resistance across the battery is 30.0 Q, so the total current is 4.00 A, 
half of which goes through the bar. Applying Newton’s second law to the bar gives XF =ma= F, -mg =iLB-mg. 


EXECUTE: Solving for the acceleration gives 
PS iLB—-mg _ (2.0A)(1.50 m)(1.60 T) — 3.00 N 
m (3.00 N/9.80 m/s”) 


=5.88 m/s’. 


The direction is upward. 

EVALUATE: Once the bar is free of the conducting wires, its acceleration will become 9.8 m/s’ downward since 
only gravity will be acting on it. 

IDENTIFY: Calculate the acceleration of the ions when they first enter the field and assume this acceleration is 
constant. Apply conservation of energy to the acceleration of the ions by the potential difference. 


SETUP: Assume Yý = vi and neglect the y-component of Y that is produced by the magnetic force. 


|2 B 
EXECUTE: (a) ¿mv? =qV, so v, = aE Also, a, =V? and =~. 
m 


m v 


x 


2 1 B 2 1 B 2 1/2 1/2 
y= Lat =4a, a (2 ) X a ee w = Bx'( q ) ; 
i “Ly, 2\ m v, 2\ m 2q V 8mV 


(b) This can be used for isotope separation since the mass in the denominator leads to different locations for 
different isotopes. 


EVALUATE: For B=0.1T, v=1x10* m/s, g=+eand m=12 u =2.0x10™ kg, y=(1.0m™~)x*. The 
approximation y << x is valid as long as x is on the order of 10 cm or less. 


IDENTIFY: Turning the charged loop creates a current, and the external magnetic field exerts a torque on that 
current. 
SETUP: The current is J = g/T = q/(1/f) = gf = q(@/2n) = qa/2n. The torque is T = wBsing. 


EXECUTE: In this case, ¢=90°and u = AB, giving T = JAB. Combining the results for the torque and current 


and using A = n° gives T= (2) zr’B =}qøor’B 


EVALUATE: Any moving charge is a current, so turning the loop creates a current causing a magnetic force. 


mv 
IDENTIFY: =—. 
|q\B 


SETUP: After completing one semicircle the separation between the ions is the difference in the diameters of 
their paths, or 2(R,, — R) . A singly ionized ion has charge +e. 

mv _ (1.99x10™ kg)(8.50x10° m/s) 
iq|R (1.60x10° C)(0.125 m) 


EXECUTE: (a) B= =8.46x10° T. 


5 . : i R v R 
(b) The only difference between the two isotopes is their masses. — = —— = constantand — = 
m |q|B M, Mz; 


-26 
re) =(12.5 om ee] =13.6 cm. The diameter is 27.2 cm. 
š x g 


(c) The separation is 2(R,, — R2) =2(13.6 cm -12.5 cm) = 2.2 cm. This distance can be easily observed. 


R= r| 


Miz 


EVALUATE: Decreasing the magnetic field increases the separation between the two isotopes at the detector. 
IDENTIFY: The force exerted by the magnetic field is F = /LBsing. a= F/m and is constant. Apply a constant 
acceleration equation to relate v and d. 
SETUP: ø=90°. The direction of F is given by the right-hand rule. 
EXECUTE: (a) F = ILB, to the right. 

2 2 
(b) v? = v2, +2a,(x—x,)gives v? =2adand d = oe = nee 


(1.12 x 10* m/s)’ (25 kg) 
2(2000 A)(0.50 m)(0.50 T) 
ILB (20x10 A)(0.50 m)(0.50 T) 
m 25 kg 
IDENTIFY: Apply F = J/Bsing@ to calculate the force on each segment of the wire that is in the magnetic field. 


=3.14x10° m=3140km 


(c) d= 


EVALUATE: = 20 m/s’. The acceleration due to gravity is not negligible. 
g y glig 


The net force is the vector sum of the forces on each segment. 
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SETUP: The direction of the magnetic force on each current segment in the field is shown in Figure 27.73. By 
symmetry, F, =F,. F,and F, are in opposite directions so their vector sum is zero. The net force equals F,. For 


F., ¢=90° and /=0.450 m. 
EXECUTE: F, = JIB =(6.00 A)(0.450 m)(0.666 T) =1.80 N . The net force is 1.80 N, directed to the left. 


EVALUATE: The shape of the region of uniform field doesn’t matter, as long as all of segment c is in the field and 
as long as the lengths of the portions of segments a and b that are in the field are the same. 


Figure 27.73 
27.74. IDENTIFY: Apply F = xB. 
SETUP: T[ =/k 
Execute: (a) F = 1(k)x B = 1| (-B,)i +(B,)j]. This gives 
F, =-IIB, = (9.00 A) (0.250 m)(—0.985 T) = 2.22 N and F, = IIB, = (9.00 A)(0.250 m)( —0.242 T) =-0.545 N.. 
F, =0, since the wire is in the z-direction. 
(b) F =,F? +F? = (2.22 N} + (0.545 N? =2.29 N. 


EVALUATE: F must be perpendicular to the current direction, so F has no z component. 
27.75. IDENTIFY: For the loop to be in equilibrium the net torque on it must be zero. Use Eq.(27.26) to calculate the 
torque due to the magnetic field and use Eq.(10.3) for the torque due to the gravity force. 
SETUP: See Figure 27.75a. 
$ 


x Use $r 4=0, where 


point A is at the origin. 


Figure 27.75a 
EXECUTE: See Figure 27.75b. 
T „g = Mgr sin d = mg (0.400 m)sin30.0° 


The torque is clockwise; 7,,,. is 


directed into the paper. 


Figure 27.75b 


For the loop to be in equilibrium the torque due to B must be counterclockwise (opposite to T ng) and it must be 


that 7, =7,,,. See Figure 27.75c. 


B 
vo (60° T, = üx B. For this torque to be 
x counterclockwise (7, directed out of the 


paper), B must be in the +y-direction. 


Figure 27.75¢ 
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T, = UBsing = IAB sin 60.0° 

Tg = Tng gives JAB sin 60.0° = mg (0.0400 m)sin30.0° 

m =(0.15 g/cm)2(8.00 cm + 6.00 cm) =4.2 g =4.2x10° kg 

A =(0.800 m)(0.0600 m) =4.80x10° m? 

_ mg (0.0400 m)(sin30.0°) 
TAsin 60.0° 

(4.2x10° kg)(9.80 m/s*)(0.0400 m)sin30.0° 

(8.2 A)(4.80x10° m?)sin60.0° 


EVALUATE: As the loop swings up the torque due to B decreases to zero and the torque due to mg increases 
from zero, so there must be an orientation of the loop where the net torque is zero. 


IDENTIFY: The torque exerted by the magnetic field is = 7x B. The torque required to hold the loop in place is —7. 


B 


= 0.024 T 


SETUP: y=JA. pf is normal to the plane of the loop, with a direction given by the right-hand rule that is 
illustrated in Figure 27.32 in the textbook. 7 = /JABsing, where ¢ is the angle between the normal to the loop and 
the direction of B. 

EXECUTE: (a) t= 7AB sin 60° = (15.0 A)(0.060 m)(0.080 m)(0.48 T)sin 60° = 0.030 N-m, in the -j direction. 


To keep the loop in place, you must provide a torque in the +j direction. 
(b) z = TAB sin 30° = (15.0 A)(0.60 m)(0.080 m)(0.48 T)sin30° = 0.017 N -m, in the +j direction. You must 


provide a torque in the -j direction to keep the loop in place. 

EVALUATE: (c) If the loop was pivoted through its center, then there would be a torque on both sides of the loop 
parallel to the rotation axis. However, the lever arm is only half as large, so the total torque in each case is identical 
to the values found in parts (a) and (b). 

IDENTIFY: Use Eq.(27.20) to calculate the force and then the torque on each small section of the rod and 
integrate to find the total magnetic torque. At equilibrium the torques from the spring force and from the magnetic 


force cancel. The spring force depends on the amount x the spring is stretched and then U =4kx" gives the energy 


stored in the spring. 
(a) SET UP: 


Divide the rod into infinitesimal sections of 
length dr, as shown in Figure 27.77. 


axis 


Figure 27.77 
EXECUTE: The magnetic force on this section is dF, = /Bdr and is perpendicular to the rod. The torque dz due to 
the force on this section is dt = rdF, = [Br dr. The total torque is fac = IBĵ rdr =1/1°B =0.0442 N -m, clockwise. 


(b) SETUP: F, produces a clockwise torque so the spring force must produce a counterclockwise torque. The 
spring force must be to the left; the spring is stretched. 

EXECUTE: Find x, the amount the spring is stretched: 

Yr =0, axis at hinge, counterclockwise torques positive 


(kx)isin 53° -+1°B =0 


„=B ___ (6.50 A)(0.200 m)(0340 T) _ 9 05765 m 
2ksin53.0° 2(4.80 N/m)sin53.0° 


U =tkx’ =7.98x10° J 
EVALUATE: The magnetic torque calculated in part (a) is the same torque calculated from a force diagram in 


which the total magnetic force F, = IB acts at the center of the rod. We didn't include a gravity torque since the 


problem said the rod had negligible mass. 


27-24 


Chapter 27 


27.78. 


27.79. 


IDENTIFY: Apply F = II x B to calculate the force on each side of the loop. 

SETUP: The net force is the vector sum of the forces on each side of the loop. 

EXECUTE: (a) Fpọ = (5.00 A)(0.600 m)(3.00 T)sin(0°) =O N . 

Fpp = (5.00 A) (0.800 m) (3.00 T) sin(90°) = 12.0 N , into the page. 

Fon = (5.00 A)(1.00 m)(3.00 T)(0.800/1.00) =12.0 N , out of the page. 

(b) The net force on the triangular loop of wire is zero. 

(c) For calculating torque on a straight wire we can assume that the force on a wire is applied at the wire’s center. 
Also, note that we are finding the torque with respect to the PR-axis (not about a point), and consequently the lever 
arm will be the distance from the wire’s center to the x-axis. r =rF sing gives tp,,=r(0N)=0, 


Trp = (0 m)F sing =0 and top =(0.300 m)(12.0 N)sin(90°) =3.60 N -m . The net torque is 3.60 N-m. 


(d) According to Eq.(27.28), t = NIAB sing = (1)(5.00 A)(4)(0.600 m)(0.800 m)(3.00 T)sin(90°) = 3.60 N-m, 
which agrees with part (c). 

(e) Since Fo, is out of the page and since this is the force that produces the net torque, the point Q will be rotated 
out of the plane of the figure. 

EVALUATE: In the expression t = N/ABsing, ¢ is the angle between the plane of the loop and the direction of 
B . In this problem, ¢=90°. 


IDENTIFY: Use Eq.(27.20) to calculate the force on a short segment of the coil and integrate over the entire coil 
to find the total force. 
SETUP: See Figure 27.79a. 


Consider the force dF on a short segment dl at 
the left-hand side of the coil, as viewed in Figure 
27.69 in the textbook. The current at this point is 


directed out of the page. dF is perpendicular both 
to B and to the direction of 7. 


Figure 27.79a 
See Figure 27.79b. 


Consider also the force dF’ on a short segment 
on the opposite side of the coil, at the right-hand 
side of the coil in Figure 27.69 in the textbook. 
The current at this point is directed into the page. 


Figure 27.79b 


The two sketches show that the x-components cancel and that the y-components add. This is true for all pairs of 
short segments on opposite sides of the coil. The net magnetic force on the coil is in the y-direction and its 
magnitude is given by F = far, 

EXECUTE: dF =Idl Bsing. But B is perpendicular to the current direction so ø =90°. 

dF , = dF cos30.0 = IB cos30.0°dI 


F = Í dF, = IB cos30.0°Ĵ dl 


But far = N(2zr), the total length of wire in the coil. 

F = IB cos30.0°N (27r) =(0.950 A)(0.200 T)(cos30.0°)(50)27(0.0078 m) = 0.444 N and F = -(0.444 N)j 
EVALUATE: The magnetic field makes a constant angle with the plane of the coil but has a different direction at 
different points around the circumference of the coil so is not uniform. The net force is proportional to the 
magnitude of the current and reverses direction when the current reverses direction. 
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IDENTIFY: Conservation of energy relates the accelerating potential difference V to the final speed of the ions. In 
mv 


lB 
SETUP: The quarter-circle paths of the two ions are shown in Figure 27.80. The separation at the detector is 
Ar = R,, —R,,. Each ion has charge q =+e. 


| 4/2 V 
EXECUTE: (a) Conservation of energy gives q\V =}mv’ and v= aH R=” ala = lal : 
m |q|B m |q|B 


the magnetic field region the ions travel in an arc of a circle that has radius R = 


|q| =e for each ion. Ar = R — Ry = U Ig Jms). 
(AreB)? | e(AryB* (160x10 C)(4.00x10° m)” (0.050 T}? 
2e( Jms — Jing) 2( J — Jim) 2( [2.99107 kg — [2.6610 kg) 
V =3.32x10 V. 
EVALUATE: The speed ofthe '°O ion after it has been accelerated through a potential difference of 


b) V= 


V =3.32x10° V is 2.00x10° m/s. Increasing the accelerating voltage increases the separation of the two isotopes 
at the detector. But it does this by increasing the radius of the path for each ion, and this increases the required size 
of the magnetic field region. 

Rig |» 


Rig 


Figure 27.80 


IDENTIFY: Apply dF = Idl x B to each side of the loop. 


SET Up: For each side of the loop, dI is parallel to that side of the loop and is in the direction of 7. Since the loop 
is in the xy-plane, z =0 at the loop and B, =0 at the loop. 


EXECUTE: (a) The magnetic field lines in the yz-plane are sketched in Figure 27.81. 


£ L 
(b) Side 1, that runs from (0,0) to (0,2): F = f Idi xB =1Í a; =1B,Lii. 
0 0 


L L 
Side 2, that runs from (0,L) to (L,L): F = Í Idi x B=I Í aS =— IB Lj. 


0,y=L 0,y=L 


0 0 
Side 3, that runs from (L,L) to (L,0): F = Í Id x B=1 Í Brah =- LIB Li ; 


L,x=L L,x=L 
0 0 
Side 4, that runs from (L,0) to (0,0): F= f idl xB=1 Í Buy Bes 6 
L,y=0 L,y=0 


(c) The sum of all forces is = -IB Lj. 


total 


EVALUATE: The net force on sides 1 and 3 is zero. The force on side 4 is zero, since y=Qand z=0 at that side 
and therefore B = 0 there. The net force on the loop equals the force on side 2. 


B 


Figure 27.81 
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IDENTIFY: Apply dF = Idi x B to each side of the loop. F =F xF . 


SET Up: For each side of the loop, dl is parallel to that side of the loop and is in the direction of 7. 
EXECUTE: (a) The magnetic field lines in the xy-plane are sketched in Figure 27.82. 


L DB. 
(b) Side 1, that runs from (0,0) to (0,L): F = [df x B= 1{ a Dee 1 BALIk . 
0 0 


=1]B Lk. 


L L 
Side 2, that runs from (0,L) to (L,L): F = [rat xB= 1 srd; 
0 0 


L L 
Side 3, that runs from (L,L) to (L,0): F = fidi xB = r222 = +11B,Lk 
0 0 


Byxdx 
L 


(c) If free to rotate about the x-axis, the torques due to the forces on sides 1 and 3 cancel and the torque due to the 
IBP 3 


L L 
Side 4, that runs from (L,0) to (0,0): F = fidi xB = If ( k) = 1 [B,Lk. 
0 0 


forces on side 4 is zero. For side 2, F = Lj . Therefore, F =F x F = = LIAB i i 


(d) If free to rotate about the y-axis, the torques due to the forces on sides 2 and 4 cancel and the torque due to the 


mEn ; a wipes, A IBL, 5 
forces on side 1 is zero. For side 3, F = Li . Therefore, tT =r x F = 3 j=-Ż+}IAB;,j . 


EVALUATE: (e) The equation for the torque 7 = #x B is not appropriate, since the magnetic field is not constant. 


y 


Figure 27.82 
IDENTIFY: While the ends of the wire are in contact with the mercury and current flows in the wire, the magnetic 
field exerts an upward force and the wire has an upward acceleration. After the ends leave the mercury the 
electrical connection is broken and the wire is in free-fall. 
(a) SETUP: After the wire leaves the mercury its acceleration is g, downward. The wire travels upward a total 
distance of 0.350 m from its initial position. Its ends lose contact with the mercury after the wire has traveled 
0.025 m, so the wire travels upward 0.325 m after it leaves the mercury. Consider the motion of the wire after it 
leaves the mercury. Take +y to be upward and take the origin at the position of the wire as it leaves the mercury. 


a, =—9.80 m/s’, y — y, =+0.325 m, v, =0 (at maximum height), v, =? 
vy =Voy +2a,(y-y) 


EXECUTE: v, = /-2a,(y— y,) = J-2(-9.80 m/s?)(0.325 m) = 2.52 m/s 


(b) SETUP: Now consider the motion of the wire while it is in contact with the mercury. Take +y to be upward 
and the origin at the initial position of the wire. Calculate the acceleration: y—y, =+0.025 m, v,, =0 (starts from 


rest), v, =+2.52 m/s (from part (a)), a, =? 


Vy = Vo, + 2a,(Y¥—Yo) 
2 2 
EXECUTE: a = Yy E CE 


= =127 m/s? 
»3G—y,) 20.025 m) 
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SETUP: The free-body diagram for the wire is given in Figure 27.83. 
A EXECUTE: ),F,=ma, 
F, -mg = ma, 
IIB =m ( g+ a,) 
_m(e+a,) 
IB 


mg 
Figure 27.83 


Lis the length of the horizontal section of the wire; /= 0.150 m 
_ (5.40x10° kg)(9.80 m/s’ +127 m/s”) _ are 
(0.150 m)(0.00650 T) 


(c) IDENTIFY and SET Up: Use Ohm's law. 


EXECUTE: V=IJRsoR i be’ 0.198 Q 
I 58 A 


EVALUATE: The current is large and the magnetic force provides a large upward acceleration. During this 
upward acceleration the wire moves a much shorter distance as it gains speed than the distance is moves while in 
free-fall with a much smaller acceleration, as it loses the speed it gained. The large current means the resistance of 
the wire must be small. 

IDENTIFY and SET UP: Follow the procedures specified in the problem. 


EXECUTE: (a) dI = dlt , where f is a unit vector in the tangential direction. dl = Rdo| -sin 6i + cos Gj |. Note 


that this implies that when @ = 0, the line element points in the +y-direction, and when the angle is 90°, the line 
element points in the —x-direction. This is in agreement with the diagram. 
dF = Idl x B = IRdO| -sin 6f +cos6j |x(B,i) = 1B,Rdo|-cosdk]. 


2m 2m 
b) F= Í -cos IB R dok = -IBR | cos d0k =0. 
0 0 


(©) dt =F xdF = R(cos6i +sin6j)x(IB,R d0{—cos0k]) = -R°IB d0 (sin0 cosbi — cos? 6) 
sin20 
4 


2m 2m 
(d) e= faz =-r°1B | Ísin ososi - [cosa] = nea, ( e j= IRB aj = IrR°B j = IAk xB i 
0 0 0 


and 7 =pxB. 
EVALUATE: Section 27.7 of the textbook derived 7 = 4x B for the case of a rectangular coil. This problem 


shows that the same result also applies to a circular coil. 
(a) IDENTIFY: Use Eq.(27.27) to relate U, u and B and use Eq.(27.26) to relate 7, 4 and B. We also know that 


B =B +B? + B?. This gives three equations for the three components of B. 
SET UP: The loop and current are shown in Figure 27.85. 


y 


4 is into the plane of the 


i paper, in the -z-direction 
Figure 27.85 
ü= -uk =-IAk 
(b) EXECUTE: 7 =D(+4i-3/), where D>0. 


4= IAk, B= B, i+B dA + B, k 

7 = üx B =(-IA)(B,k xf +B,k x ĵ +B kxk) = IAB î -IAB ĵ 

Compare this to the expression given for 7: MB, =4D so B, =4D/IA and -IAB, = -3D so B, =3D/ IA 

B, doesn't contribute to the torque since ff is along the z-direction. But B = B, and B? +B? +B? = By; with 
B, =13D/1A. Thus B, =+, B} - B? - B? = +(D/IA)V169—9 16 = +12(D/IA) 

That U =-4:B is negative determines the sign of B,: U=—j-B= ~(-IAk): (Bi +B, j+B.k) =+IAB, 

So U negative says that B, is negative, and thus B, =—-12D/IA. 
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27.88. 


27.89. 


EVALUATE: # is along the z-axis so only B, and B, contribute to the torque. B, produces a y-component of F 


and B, produces an x-component of T. Only B, affects U, and U is negative when g and B. are parallel. 


A 
IDENTIFY: l= x and u= TA. 
t 


SETUP: The direction of ġ is given by the right-hand rule that is illustrated in Figure 27.32 in the textbook. J is 
in the direction of flow of positive charge and opposite to the direction of flow of negative charge. 

dq _ Aq qv œ 

dt At 2ar 3ar 


EXECUTE: (a) J, = 


ev evr 
b =] A=——azr’? =, 
b) a51 3ar 3 

vr 2evr 


(c) Since there are two down quarks, each of half the charge of the up quark, 44 =, = Therefore, Lota me 


(d) v= 3u _ 3(9.66 x10” A-m’) 

2er 2(1.60x 10° C)(1.20 x10™"°m) 
EVALUATE: The speed calculated in part (d) is 25% of the speed of light. 

IDENTIFY: Eq.(27.8) says that the magnetic field through any closed surface is zero. 

SET Up: The cylindrical Gaussian surface has its top at z = L and its bottom at z =0. The rest of the surface is 
the curved portion of the cylinder and has radius r and length L. B =0 at the bottom of the surface, since z =0 
there. 

Execute: (a) ÈB -dA = [B.d4+ Í B,dA= | (BL)dd+ | B,d4=0. This gives 0= BLar’ + B,2zrL , and 


top curved top curved 


=7.55 x10" m/s. 


Bina 


(b) The two diagrams in Figure 27.87 show views of the field lines from the top and side of the Gaussian surface. 
EVALUATE: Only a portion of each field line is shown; the field lines are closed loops. 


ae AS 


Figure 27.87 


IDENTIFY: U=-ġ - B . In part (b) apply conservation of energy. 


SETUP: The kinetic energy of the rotating ring is K =4/@". 


EXECUTE: (a) AU =—-(fi,-B-ii, B) =ñ, — fi) B =| -uk -(-0.87 + 0.6) |-| 8,02 +3j 4h) |. 


AU = IAB,[(—0.8)(+12) + (0.6)(+3) + (+1)(-4)] = (12.5 A)(4.45 x 107 m7)(0.0115 T)(-11.8). 
AU =-7.55x107J . 


O) AK -Lio o- 2A - 2(7.55 x10% J) 
ae 8.50x 107 kg-m? 


EVALUATE: The potential energy of the ring decreases and its kinetic energy increases. 


= 42.1 rad/s. 


IDENTIFY and SET UP: In the magnetic field, R = a Once the particle exits the field it travels in a straight line. 
q 


Throughout the motion the speed of the particle is constant. 
mv _(3.20x10" kg)(1.45 x 10° m/s) _ 
qB (2.15 x 10° C)(0.420T) 


EXECUTE: (a) R= 5.14 m. 
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0.35 m 
5.14m’ 
d_ 025m 
v 1.45x10° m/s 


(b) See Figure 27.89. The distance along the curve, d, is given by d = RO . sin = so 


0 = 2.78° =0.0486 rad. d = RO = (5.14 m)(0.0486 rad) = 0.25 m. And t= =1.72x10°s. 


(c) Ax, = d tan(O/2) = (0.25 m)tan (2.79°/ 2) = 6.08 x 10% m. 
(d) Av = Ax, + Ax, , where Ax, is the horizontal displacement of the particle from where it exits the field region to 


where it hits the wall. Ax, =(0.50 m) tan 2.79° = 0.0244 m. Therefore, Ax = 6.08 x10° m+0.0244 m = 0.0305 m. 


EVALUATE: dis much less than R, so the horizontal deflection of the particle is much smaller than the distance it 
travels in the y-direction. 


0.25m 


Figure 27.89 


IDENTIFY: The current direction is perpendicular to B, so F = JIB . If the liquid doesn’t flow, a force 
(Ap)A from the pressure difference must oppose F. 


SETUP: J=//A, where A= hw. 
EXECUTE: (a) Ap=F/A=JIB/A=JB. 
Ap _ (1.00 atm)(1.013x10° Pa/atm) 
IB (0.0350 m)(2.20 T) 
EVALUATE: A current of 1 A in a wire with diameter 1 mm corresponds to a current density of 


=1.32x10°A/m?. 


b) J = 


J =1.36x10° A/m’, so the current density calculated in part (c) is a typical value for circuits. 


IDENTIFY: The electric and magnetic fields exert forces on the moving charge. The work done by the electric 
2 


PEE AAR f v : ; 
field equals the change in kinetic energy. At the top point, a, = a and this acceleration must correspond to the net 


force. 
SET UP: The electric field is uniform so the work it does for a displacement y in the y-direction is W = Fy = qEy. 


At the top point, F, is in the —y-direction and F, is in the +y-direction. 


EXECUTE: (a) The maximum speed occurs at the top of the cycloidal path, and hence the radius of curvature is 
greatest there. Once the motion is beyond the top, the particle is being slowed by the electric field. As it returns 
to y=0, the speed decreases, leading to a smaller magnetic force, until the particle stops completely. Then the 


electric field again provides the acceleration in the y-direction of the particle, leading to the repeated motion. 


(b) ae ee and v= 2a: 
2 m 


my m 2qEy 2E 
(©) At the top, F, =gE - qvB = = =-qE. 2qE =qvB and v = —. 
i R 2y m B 
EVALUATE: The speed at the top depends on B because B determines the y-displacement and the work done by 
the electric force depends on the y-displacement. 
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28.2. 


28.3. 


IDENTIFY and SET UP: Use Eq.(28.2) to calculate B at each point. 


B= Mo qQuxr _ Ho qy xr 


5 z, since F = 
4n r 4r r 


x |[™ 


v= (8.00 x10° m/s) j and F is the vector from the charge to the point where the field is calculated. 


EXECUTE: (a) # =(0.500 m)i, r =0.500 m 


© 


xF =vr)xi =—vrk 
6.00 x10° C)(8.00x10° m/s) p 
- k 
(0.500 m) 


B=- f =-(1x107 T-wa)! 
4rr 


B= -(1.92x10° T)k 

(b) F =—(0.500 m) j, r =0.500 m 
¥xF =-vrjx j=0 and B=0. 

(c) F =(0.500 m)k, r = 0.500 m 
xF =vrjxk =vri 


—6 6 
6.0010 E RA mils)» (1.92x10° T)i 
(0.500 m) 


B= (1x107 T-ma)! 


(d) F =-(0.500 m) Î+ (0.500 m)&, r = (0.500 m)? + (0.500 m)? =0.7071 m 
5x F =v(0.500 m)(—jx j+ jxk) =(4.00x10° m*/s)i 


6 6 
6.00 x10 cong BS) +(6.79x10° T)i 
(0.7071 m) 


B=(1x107 T-wa)! 


EVALUATE: Ateach point B is perpendicular to both ¥ and F. B=0 along the direction of Y. 
IDENTIFY: A moving charge creates a magnetic field as well as an electric field. 


i : he ae 1 
B= Ho pang , and its electric field is E = , 


r me, 1 


SET Up: The magnetic field caused by a moving charge is 5 


since g =e. 
EXECUTE: Substitute the appropriate numbers into the above equations. 


puts qvsing 42x10" T-m/A (1.60x10°°C)(2.2 x 10° m/s) sin 90° 
4r r’ 4r (5.3x10''m) 


= 13 T, out of the page. 


9 2 2 -19 
E= : = s AUS Nm ones! ©) =5.1x10'' N/C, toward the electron. 
47e,r (5.3x10 m) 
EVALUATE: There are enormous fields within the atom! 
IDENTIFY: A moving charge creates a magnetic field. 


B eLA 
r 


SET UP: The magnetic field due to a moving charge is 
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28.6. 


EXECUTE: Substituting numbers into the above equation gives 
(a) B= qvsing 42x10" T-m/A (1.6x10-” C)(3.0x10" m/s)sin30° 
4n r’ An (2.00x10° m)? 
B= 6.00 x 10 *T, out of the paper, and it is the same at point B. 
(b) B = (1.00 x 10” T- m/A)(1.60 x 10°? C)(3.00 x 10’ m/s)/(2.00 x 10% m)? 
B= 1.20 x 10” T, out of the page. 
(c) B =0 T since sin(180°) = 0. 
EVALUATE: Even at high speeds, these charges produce magnetic fields much less than the Earth’s magnetic 
field. 
IDENTIFY: Both moving charges produce magnetic fields, and the net field is the vector sum of the two fields. 
SET Up: Both fields point out of the paper, so their magnitudes add, giving 


B = Bapa + Ba = > (esin 40° + 2esin140°) 
A4nr 


EXECUTE: Factoring out an e and putting in the numbers gives 
B= 4 x107 T-m/A (1.60 x107" C)(2.50 x10°m/s) 
4r (1.75x10°m)? 


(sin 40° 4 2sin140°) 


B=2.52x10° T =2.52 mT, out of the page. 
EVALUATE: At distances very close to the charges, the magnetic field is strong enough to be important. 
z _ Mo QUXF 


IDENTIFY: Apply B= 3 
4r r 


SETUP: Since the charge is at the origin, F = xi + yj+ zk. 
EXECUTE: (a) ¥=vi,7=ri; ¥x7=0,B=0. 
(b) ¥=vi,F=1j; ¥xF =vrk, r=0.500 m. 
-7 2 2 -6 5 
a -(“) aly _(1.0x107 N-s7/C 480x10 C)(6.80x10° m/s) _ 1 4) 105 T. 
4r) r (0.500 m) 
q is negative, so B = —(1.31x10° T)k. 
(© ¥ =vi, F = (0.500 mf + j); Y xF =(0.500 m)vk, r =0.7071 m. 
1.0x107 N-s?/C?)(4.80 x10% 0.500 6.80 x10° 
r=(£ faxr) x107 N -s?/C?X4.80x10* C)(0.500 mX(6.80x10" ms), 
4r (0.7071 m) 


B=4.62x107 T. B=-(4.62x107 T)Ń. 

(d) ¥=vi,F=rk; xF =- vr), r =0.500 m 

3 -(“) gly _ (1.0x10” N-s*/C*)(4.80x10* C)(6.80x10° m/s) 
4r) r? (0.500 m)? 


=1.31x10° T. 


B=(1.31x10° T). 


EVALUATE: [Ineach case, B is perpendicular to both F and ¥. 
qvxr 


IDENTIFY: Apply B= = . For the magnetic force, apply the results of Example 28.1, except here the two 
T 


charges and velocities are different. 


SET UP: In part (a), r =d and F is perpendicular to v in each case, so G A = re For calculating the force 
r 
between the charges, r = 2d. 
, op p hf ay 
EXECUTE: (a) Boa = B+B fae ET } 
= 6 —6 6 
pate (8.0x10 Endoia m/s) ' (3.0x10 BOI m/s) = 438x104 T. 
4r (0.120 m) (0.120 m) 


The direction of B is into the page. 
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(b) Following Example 28.1 we can find the magnetic force between the charges: 
(8.00 x10°° C)(3.00 x 10% C)(4.50 x 10°m/s)(9.00 x 10° m/s ) 
(0.240 m)? 


F, =1.69x10° N. The force on the upper charge points up and the force on the lower charge points down. The 


F, =£044™ = (107 T-m/A) 


B 2 
4r r 


-6 -6 
Coulomb force between the charges is F, = k KIKE =(8.99x10° N-m?/C’) CELE SMS SAU x 10° 0O ER GSN: 
r (0.240 m) 
The force on the upper charge points up and the force on the lower charge points down. The ratio of the Coulomb 


Fo č BN 

F, vv, 1.69x10° N 

(b) The magnetic forces are reversed in direction when the direction of only one velocity is reversed but the 

magnitude of the force is unchanged. 

EVALUATE: When two charges have the same sign and move in opposite directions, the force between them is 

repulsive. When two charges of the same sign move in the same direction, the force between them is attractive. 
qvxr 


IDENTIFY: Apply B= ee For the magnetic force on q’, use F, = q'¥ x B, and for the magnetic force on 
mor 


force to the magnetic force is = 2.22 x10’; the Coulomb force is much larger. 


q use F, =qřxB,. 


vxr 
SETUP: In part (a), r =d and | z | a 


EXECUTE: (a) q'=-q; B, = = , into the page; B, = fat , out of the page. 

Ov => gives B = fae (1-4)= TO , into the page. (ii)v'=v gives B=0. 

(iii) v'=2v gives B= ae , out of the page. 

(b) The force that q exerts on q' is given by F =q'v" xB, so F= fd ; B, is into the page, so the force on 


q' is toward q. The force that q' exerts on q is toward q'. The force between the two charges is attractive. 
t EA 2 
Hod VV q Fs ' 5 2 —6 
c) F, = ee so = [EVV = 3.00x10° m/s)” =1.00x10™. 
(c) F; 4n(2dy ° 4ne,(2d)" F. Hoo Lol ) 
EVALUATE: When charges of opposite sign move in opposite directions, the force between them is attractive. For 
the values specified in part (c), the magnetic force between the two charges is much smaller in magnitude than the 
Coulomb force between them. 
IDENTIFY: Both moving charges create magnetic fields, and the net field is the vector sum of the two. The 
magnetic force on a moving charge is Fag =qvBsin@ and the electrical force obeys Coulomb’s law. 
qvsing 
ro 
EXECUTE: (a) Both fields are into the page, so their magnitudes add, giving 


B=B.+B,= # [s = na 


SET Up: The magnetic field due to a moving charge is B = = 
1 


2 2 
A4n\ r; ‘ 


B= *2(1.60x10"” C)(845,000 m/s) : st : — 
47r (5.00x10° m)? (4.00x10° m) 


B= 1.39 x 10° T = 1.39 mT, into the page. 


2 


(b) Using B= - aang , where r= V41 nm and = 180° —arctan(5/4) = 128.7°, we get 
T r 
_ 427x107 T-m/A (1.6x10- C)(845,000 m/s)sin128.7° 
4n (J41x10° m}? 
(C) Frag = qvBsin 90° = (1.60 10°” C)(845,000 m/s)(2.58x10* T)=3.48x10" N, in the +x direction. 


_ (9.00x 10? N-m7/C*)(1.60x 107” C)? 
(V41x10° m}? 


B =2.58x10~ T, into the page. 


Fx = (1/426)e7/r? =5.62x10 ° N, at 51.3° below the +x-axis measured 


clockwise. 
EVALUATE: The electric force is much stronger than the magnetic force. 


28-4 


Chapter 28 


28.9. 


28.10. 


28.11. 


IDENTIFY: A current segment creates a magnetic field. 
Idi sin A 


2 


SETUP: The law of Biot and Savart gives dB = a - 
a r 


EXECUTE: Applying the law of Biot and Savart gives 
4x x107 T-m/A (10.0 A)(0.00110 m) sin90° 


a) dB = = 4.40 x 10” T, out of the paper. 

(a) An (0.0500 m)? pap 

(b) The same as above, except r=(5.00 cm)? +(14.0 cm)’ and ¢= arctan(5/14) = 19.65°, giving dB = 1.67 x 10 °T, 
out of the page. 


(c) dB =0 since = 0°. 
EVALUATE: This is a very small field, but it comes from a very small segment of current. 


zi Idi x? Idi xF 
IDENTIFY: Apply dË = “ dl xP _ fy dl x? 
T 


r’ 4r r 
My ddl =e 


SET Up: The magnitude of the field due to the current element is dB = 3 
1 


, where ¢ is the angle between 


F and the current direction. 
EXECUTE: The magnetic field at the given points is: 
My Idl ante Lo (200 A)(0.000100 m) 


dB, = =2.00x10° T. 
4n or? An (0.100 m)? 
ap, =! ag Ho (200 A)(0.000100 m)sin45° _ O 705x10% T. 
4r r An 2(0.100 m)? 
ap, =% Ne 2 Hy (200 A)(0.000100 m) _ 5 9919-6 T. 
4n r An (0.100 m)? 
My Idlsing u Idlsin(0°) 
dB, = 2 = 2 = 
4r r 4r r 
ap, =! Idlsing — 44, (200 A)(0.00100 m) V2 esis? 


4r r 4r  3(0.100m? 3 
The field vectors at each point are shown in Figure 28.10. 
EVALUATE: Ineach case dB is perpendicular to the current direction. 


Figure 28.10 


IDENTIFY and SET UP: The magnetic field produced by an infinitesimal current element is given by Eq.(28.6). 


dB = a2 = As in Example 28.2 use this equation for the finite 0.500-mm segment of wire since the 
mr 
Al =0.500 mm length is much smaller than the distances to the field points. 
IAL x? — yy IAL XF 
4r r’ 4r r? 


Tis in the +z-direction, so Al = (0.500 x10° m)k 


B= 


EXECUTE: (a) Field point is at x = 2.00 m, y = 0, z = 0 so the vector f from the source point (at the origin) to the 
field point is F =(2.00 m)i. 


Al xF =(0.500x10* m)(2.00 m)&xi = +(1.00x10° m°) j 


_ (1x107 T-m/A)(4.00 A)(1.00x10° m F =(s.00%10"" T)} 
(2.00 m)’ 


ih 
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28.13. 


28.14. 


28.15. 


(b) pea, r=2.00 m. 
Al xF =(0.500x10° m)(2.00 m)&x j = -(1.00x10° m*)é 
(1x107 T-m/A)(4.00 A)(1.00x10° m°), 
(2.00 m)’ d 
(©) F =(2.00 m)(i+ jf), r =V2(2.00 m). 


(5.00x10™" T)i 


Al xF = (0.50010 m)(2.00 m)&x(i + j) =( (1.00x10" m*)(j— i) 


By; i)=(-1.77x10" T)(?-j) 


_ (1x107 T-m/A)(4.00 A)(1.00x10° 
[ ¥2(2.00 m) | 
(d) F =(2.00 m)k, r =2.00 m. 
Al xF = (0.500 x10° m)(2.00 m)k xk =0; B =0. 


EVALUATE: At each point B is perpendicular to both F and Al. B = 0 along the length of the wire. 
IDENTIFY: A current segment creates a magnetic field. 
My Idising 


2 


SETUP: The law of Biot and Savart gives dB = J 
a r 


Both fields are into the page, so their magnitudes add. 
EXECUTE: Applying the law of Biot and Savart for the 12.0-A current gives 


(12.0 A)(0.00150 mo( 226 a 


o ) 
Anx107 T-m/A 00cm) _ g79y 19% T 


4n (0.0800 m)? 


The field from the 24.0-A segment is twice this value, so the total field is 2.64 x 10” T, into the page. 

EVALUATE: The rest of each wire also produces field at P. We have calculated just the field from the two 

segments that are indicated in the problem. 

IDENTIFY: A current segment creates a magnetic field. 

My Idlsing 
I 2 


r 


dB = 


SETUP: The law of Biot and Savart gives dB = . Both fields are into the page, so their magnitudes add. 


EXECUTE: Applying the Biot and Savart law, where r = + [6.00 cm)? +(3.00 cm)? = 2.121 cm, we have 


4x x107” T-m/A (28.0 A)(0.00200 m)sin 45.0° 
An (0.02121 m)? 
EVALUATE: Even though the two wire segments are at right angles, the magnetic fields they create are in the 


same direction. 
IDENTIFY: A current segment creates a magnetic field. 


SETUP: The law of Biot and Savart gives dB = = ia ang 
T r 


dB =2 


= 1.76 x 10” T, into the paper. 


. All four fields are of equal magnitude and into the 


page, so their magnitudes add. 
47x10” T-m/A (15.0 A)(0.00120 m) sin90° 
4n (0.0500 m)? 


EVALUATE: A small current element causes a small magnetic field. 
IDENTIFY: We can model the lightning bolt and the household current as very long current-carrying wires. 


EXECUTE: dB=4 =2.88 x 10% T, into the page. 


ee I 
SETUP: The magnetic field produced by a long wire is B = Kauai 

ar 
EXECUTE: Substituting the numerical values gives 


(41x107 T-m/A)(20,000 A) 


(a) B= =8x10°T 
2n(5.0 m) 
7 r 
(by p = 42x10 TNA 6 v vesten 
2n(0.050 m) 


EVALUATE: The field from the lightning bolt is about 20 times as strong as the field from the household current. 
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28.16. 


28.17. 


28.18. 


Chapter 28 
IDENTIFY: The long current-carrying wire produces a magnetic field. 
i eee I 
SETUP: The magnetic field due to a long wire is B = : 
ar 


EXECUTE: First find the current: Z= (3.50 x 10'* el/s)(1.60 x 10™ C/el) = 0.560 A 
(4nx107 T-m/A)(0.560 A) 
22(0.0400 m) 

Since electrons are negative, the conventional current runs from east to west, so the magnetic field above the wire 

points toward the north. 
EVALUATE: This magnetic field is much less than that of the Earth, so any experiments involving such a current 
would have to be shielded from the Earth’s magnetic field, or at least would have to take it into consideration. 
IDENTIFY: The long current-carrying wire produces a magnetic field. 
par 
2ar 
EXECUTE: First solve for the current, then substitute the numbers using the above equation. 
(a) Solving for the current gives 


I = 27rB/ u = 22(0.0200 m)(1.00 x10 T)/(47 x107 T-m/A) =10.0 A 


Now find the magnetic field: =2.80x 10°T 


SETUP: The magnetic field due to a long wire is 


(b) The earth’s horizontal field points northward, so at all points directly above the wire the field of the wire would 
point northward. 
(c) At all points directly east of the wire, its field would point northward. 


EVALUATE: Even though the Earth’s magnetic field is rather weak, it requires a fairly large current to cancel this 
field. 


(Eq.28.9), and the direction of B is given by the right-hand rule (Fig. 28.6 in 


IDENTIFY: For each wire B = oe 


ar 
the textbook). Add the field vectors for each wire to calculate the total field. 
(a) SETUP: The two fields at this point have the directions shown in Figure 28.1 8a. 


EXECUTE: At point P midway between 
the two wires the fields B, and B, due to 


the two currents are in opposite directions, 
so B =B, -B,. 


Figure 28.18a 


I 
But B, = B, =~, so B=0. 
2ra 


(b) SETUP: The two fields at this point have the directions shown in Figure 28.18b. 


EXECUTE: At point Q above the upper 
wire B, and B, are both directed out of 


the page (+z-direction), so B = B, + B,. 
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(c) SETUP: The two fields at this point have the directions shown in Figure 28.18c. 


EXECUTE: At point R below the lower 
wire B, and B, are both directed into the 


page (—z-direction), so B = B, + B}. 


ae 
BO OP 
Figure 28.18c 


a 


Ml p _ Hol 
y f 
22(3a) 2ra 
B= Mol (1 i 1) 2H! j= bol p 
2ra 3ra 3za 


p= 


EVALUATE: [In the figures we have drawn, B due to each wire is out of the page at points above the wire and into 
the page at points below the wire. If the two field vectors are in opposite directions the magnitudes subtract. 
28.19. IDENTIFY: The total magnetic field is the vector sum of the constant magnetic field and the wire’s magnetic field. 
= 40" and the direction of B, is given by the right-hand rule that is illustrated in 


wire 2 wire 


mr 


SET UP: For the wire, B 


Figure 28.6 in the textbook. B, =(1.50x10° T)i. 


EXECUTE: (a) At (0, 0, 1 m), B=B, - 1 7 =(1.50x10° T)i _#8.00 A); =-(1.0x107 T). 
27r 27(1.00 m) 
(b) At (1 m, 0,0), B=B, +L & =1.50x10°% eeN 
2ar 2x(1.00 m) ` 
B =(1.50x10*% T)i +(1.6x10% T)k =2.19x10% T, at 0 = 46.8° from x to z. 
(c) At (0, 0, -0.25 m), B= B, +L i =(1.50x10° T)i jy MeO A) =(7.9x10° Thi. 
27r 2n(0.25 m) 


EVALUATE: At point c the two fields are in the same direction and their magnitudes add. At point a they are in 
opposite directions and their magnitudes subtract. At point b the two fields are perpendicular. 

28.20. IDENTIFY and SETUP: The magnitude of B is given by Eq.(28.9) and the direction is given by the right-hand rule. 
(a) EXECUTE: Viewed from above, the current is in the direction shown in Figure 28.20. 


N 
Directly below the wire the direction of 
wW E the magnetic field due to the current in 
i| the wire is east. 
S 
Figure 28.20 
B=} -2x107 T- maf ene =2.91x10° T 
2ar m 


(b) EVALUATE: B from the current is nearly equal in magnitude to the earth's field, so, yes, the current really is a 
problem. 


28.21. IDENTIFY: B= ol . The direction of B is given by the right-hand rule in Section 20.7. 
ar 


SETUP: Call the wires a and b, as indicated in Figure 28.21. The magnetic fields of each wire at points P, and P3 
are shown in Figure 28.21a. The fields at point 3 are shown in Figure 28.2 1b. 
EXECUTE: (a) At P, B, =8, and the two fields are in opposite directions, so the net field is zero. 


I = > ; ER 
(b) B, = Hol B= Bin, Band B, are in the same direction so 
2ar, 20, 


=] 
„B = Hel Lal EOT 1 1 digg yey 
27 Qn 0.300 m_ 0.200 m 


B=B, 


r, 


h 


B has magnitude 6.67 „T and is directed toward the top of the page. 


28-8 


Chapter 28 


28.22. 


28.23. 


5 cm 


(© In Figure 28.21b, B, is perpendicular to F, and B, is perpendicular to F,. tan = and 6 =14.04°. 


cm 


r, =r, = (0.200 m)? + (0.050 m)? = 0.206 m and B, = B,. 


_ 2(4mx107 T-m/A)(4.0 A)cos14.04° 
27(0.206 m) 


I 
B=B,c0s0+ B,cos0=2B,cos0 =2| Heo =7.54 uT 


Tr, 
B has magnitude 7.53 xT and is directed to the left. 
EVALUATE: At points directly to the left of both wires the net field is directed toward the bottom of the page. 


Ba 
i — > 
1s 
B, Ba B, yu x 
Bp ies ‘ ` 
PA AS 
N 
Pi ©b Tà } Rg vb 
P, r Ig \ 
X ' 5 y 
` 
B, Ff S y 
5.0 cm 5.0 cm 20.0 cm ie f \ 
ea eee i 
O; Sm Telcos (*) 
25.0 cm 
a b 
(a) (b) 


Figure 28.21 


IDENTIFY: Use Eq.(28.9) and the right-hand rule to determine points where the fields of the two wires cancel. 
(a) SETUP: The only place where the magnetic fields of the two wires are in opposite directions is between the 
wires, in the plane of the wires. Consider a point a distance x from the wire carrying Z, = 75.0 A. Bo will be zero 


where B, = B,. 


tot 


Hol, _ Hol 
22(0.400 m—x) 27x 
1,(0.400 m- x) = 1x; [, = 25.0 A, I, =75.0 A 
x =0.300 m; B,,, =0 along a line 0.300 m from the wire carrying 75.0 A and 0.100 m from the wire carrying 
current 25.0 A. 
(b) SETUP: Let the wire with 7, =25.0 A be 0.400 m above the wire with 7, =75.0 A. The magnetic fields of 
the two wires are in opposite directions in the plane of the wires and at points above both wires or below both 
wires. But to have B, = B, must be closer to wire #1 since J, </,, so can have B,, =0 only at points above both 


EXECUTE: 


wires. Consider a point a distance x from the wire carrying 7, =25.0 A. B 
Mol 2 Moly 

2ax 27(0.400 m+ x) 

I,x =1,(0.400 m+ x); x = 0.200 m 

Bœ =0 along a line 0.200 m from the wire carrying current 25.0 A and 0.600 m from the wire carrying current 
1, =75.0 A. 


EVALUATE: For parts (a) and (b) the locations of zero field are in different regions. In each case the points of 
zero field are closer to the wire that has the smaller current. 
IDENTIFY: The net magnetic field at the center of the square is the vector sum of the fields due to each wire. 


will be zero where B, = B,. 


tot 


EXECUTE: 


SETUP: For each wire, B= Hol and the direction of B is given by the right-hand rule that is illustrated in 
ar 


Figure 28.6 in the textbook. 
EXECUTE: (a) and (b) B = 0 since the magnetic fields due to currents at opposite corners of the square cancel. 
(c) The fields due to each wire are sketched in Figure 28.23. 


I 
B = B, cos45° + B, cos 45° + B, cos45° + B cos 45° = 4B, cos 45° = 4 (£ Joosass : 
Nr 


r= /(10 cm}? + (10 cm}? =10V2 cm =0.10V2 m, so 
-7 
_ 407x107 T-m/A) (100 A) 5 


B 
27(0.10V2 m) 


s 45° = 4.0 x10“ T, to the left. 
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28.24. 


28.25. 


28.26. 


EVALUATE: In part (c), if all four currents are reversed in direction, the net field at the center of the square would 
be to the right. 


a 


© 


© 


c 


Figure 28.23 


IDENTIFY: Use Eq.(28.9) and the right-hand rule to determine the field due to each wire. Set the sum of the four 
fields equal to zero and use that equation to solve for the field and the current of the fourth wire. 
SETUP: The three known currents are shown in Figure 28.24. 


B, Q, B, Q, B, © 


10.0A f| |#! 
| | B= Hol ; r=0.200 m for each wire 
ar 


Figure 28.24 


EXECUTE: Let © be the positive z-direction. 7, =10.0 A, Z, =8.0 A, Z, =20.0 A. Then B, =1.00x10° T, 
B, =0.80x10° T, and B, =2.00x10° T. 

B,, =-1.00x10° T, B,, =-0.80x10° T, B,, =+2.00x10° T 

B+ B,,+B,,+B,, =0 

B,, =-(B,, + By, + By.) =-2.0x10° T 


To give B, inthe ® direction the current in wire 4 must be toward the bottom of the page. 


Mol rB, (0.200 m)(2.0x10° T) 
B, = so 7, = = = 

2ar (44/27) (2x107 T-m/A) 
EVALUATE: The fields of wires #2 and #3 are in opposite directions and their net field is the same as due to a 
current 20.0 A — 8.0 A = 12.0 A in one wire. The field of wire #4 must be in the same direction as that of wire #1, 
and 10.0 A +7, =12.0 A. 
IDENTIFY: Apply Eq.(28.11). 
SETUP: Two parallel conductors carrying current in the same direction attract each other. Parallel conductors 
carrying currents in opposite directions repel each other. 
Erias WFE Holil, L _ Mo(5.00 A)(2.00 A)(1.20 m) 

2ar 27(0.400 m) 


currents are in opposite directions. 


=2.0 A 


=6.00x10™% N, and the force is repulsive since the 


(b) Doubling the currents makes the force increase by a factor of four to F =2.40x10° N. 


EVALUATE: Doubling the current in a wire doubles the magnetic field of that wire. For fixed magnetic field, 
doubling the current in a wire doubles the force that the magnetic field exerts on the wire. 
IDENTIFY: Apply Eq.(28.11). 
SET Up: Two parallel conductors carrying current in the same direction attract each other. Parallel conductors 
carrying currents in opposite directions repel each other. 
; F2 22(0.0250 

EXECUTE: (a) E kohia gives I, =— ia (4.0 10° N/m) COED 8. 

L 2ar L pl, (0.60 A) 
(b) The two wires repel so the currents are in opposite directions. 
EVALUATE: The force between the two wires is proportional to the product of the currents in the wires. 


33 A. 
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28.27. 


28.28. 


28.29. 


28.30. 


28.31. 


IDENTIFY: The lamp cord wires are two parallel current-carrying wires, so they must exert a magnetic force on 

each other. 

SET Up: First find the current in the cord. Since it is connected to a light bulb, the power consumed by the bulb is 

A 

lar 

EXECUTE: For the light bulb, 100 W = (120 V) gives Z = 0.833 A. The force per unit length is 

_ 4nx107 T-m/A (0.833 A)’ 
20 0.003 m 

Since the currents are in opposite directions, the force is repulsive. 

EVALUATE: This force is too small to have an appreciable effect for an ordinary cord. 

IDENTIFY: Apply Eq.(28.11) for the force from each wire. 


SET Up: Two parallel conductors carrying current in the same direction attract each other. Parallel conductors 
carrying currents in opposite directions repel each other. 


P = IV. Then find the force per unit length using F/L = 


FIL =4.6x10° N/m 


2 2 
EXECUTE: On the top wire EAE e see , upward. On the middle wire, the magnetic forces cancel 
L 2m \d 2d) And 


2: A 
so the net force is zero. On the bottom wire F Hd ( l ; l )- Hol , downward. 
L 24 d 2d) 4rd 


EVALUATE: The net force on the middle wire is zero because at the location of the middle wire the net magnetic 
field due to the other two wires is zero. 
IDENTIFY: The wire CD rises until the upward force F, due to the currents balances the downward force of 


gravity. 
SETUP: The forces on wire CD are shown in Figure 28.29. 
a k 
E | D Currents in opposite directions so the force is 
mg i repulsive and F, is upward, as shown. 
A —- B 
I 
Figure 28.29 


2 

Eq.(28.11) says F, = Ai where L is the length of wire CD and h is the distance between the wires. 

T 
EXECUTE: mg =ALg 

2 2 

Thus F, —mg =0 says HED = Fig and h oe ee 

2ah 2rga 
EVALUATE: The larger / is or the smaller 2 is, the larger h will be. 


IDENTIFY: The magnetic field at the center of a circular loop is B = Hol By symmetry each segment of the loop 
8 p OR y sy ry 8 


that has length A/ contributes equally to the field, so the field at the center of a semicircle is + that of a full loop. 


SET Up: Since the straight sections produce no field at P, the field at P is B = oe 


EXECUTE: B= gi, The direction of B is given by the right-hand rule: B is directed into the page. 


EVALUATE: For a quarter-circle section of wire the magnetic field at its center of curvature is B = gi, 
IDENTIFY: Calculate the magnetic field vector produced by each wire and add these fields to get the total field. 
SETUP: First consider the field at P produced by the current 7, in the upper semicircle of wire. See Figure 28.31a. 


Consider the three parts of this wire 


17 
/ R/ N a: long straight section, 
a c . 
= 4 b: semicircle 
1 L c: long, straight section 
Figure 28.31a 


Ly Idi xP _ m Idl xF 


3 


Apply the Biot-Savart law dB = to each piece. 


m r 4r r 
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EXECUTE: parta See Figure 28.31b. 


—- —— eP di xr = 0, 
F ‘ so dB=0 
Figure 28.31b 
The same is true for all the infinitesimal segments that make up this piece of the wire, so B = 0 for this piece. 
part c See Figure 28.3 1c. 
dl A 
Pe ——<— di xF =0, 
á so dB =0 and B =0 for this piece. 
(© 
Figure 28.31c 
part b See Figure 28.31d. 
i dl x¥ is directed into the paper for all infinitesimal 
: segments that make up this semicircular piece, so B 
I j ý is directed into the paper and B =Í dB (the vector sum 
g P ofthe dB is obtained by adding their magnitudes 
since they are in the same direction). 
Figure 28.31d 


la? xi =rdlsin@. The angle @ between dI and F is 90° and r =R, the radius of the semicircle. Thus di x? = Rdl 


Ildi x7 
dB =% | 3 | u, za =( Hea 
4r r 4r R 4zR 


Mol, Mol, Mol, 
B=|dB= dl= R) = —— 
J (E) (i Je ) 4R 


(We used that Í dl is equal to zR, the length of wire in the semicircle.) We have shown that the two straight 


sections make zero contribution to B, so B, = 44,/,/4R and is directed into the page. 


=s 2 = For current in the direction shown in 
I, \S l Figure 28.3 le, a similar analysis gives 
L B, = Ll, /4R, out of the paper 
Figure 28.31e 
5 > . Saat T : ; Ho H Z7 al 
B, and B, are in opposite directions, so the magnitude of the net field at P is B = |B, B,| = I 
EVALUATE: When /,=/,, B=0. 
28.32. IDENTIFY: Apply Eq.(28.16). 
SET UP: At the center of the coil, x =0. a is the radius of the coil, 0.0240 m. 
2aB 2(0.024 0. T 
EXECUTE: (a) B, = ip NI/2a, 90.1 = 773: = 700.024 m) ©0580) a a7 A 
; oN  (42x10' T-m/A) (800) 
(b) At the center, B, = 4, NI/2a. At a distance x from the center, 
H,Nla® LNI a a 1 a’ l AESA 6 
= = =B . B.=—;B. says =4, and (x^ +a‘) =4a’. 
x 2(x? E ay’ 2a (x? + ay? c (x? + ay? x 2°~¢ y (x? + ay’ 2 ( ) 


Since a =0.024 m, x =0.0184 m. 


EVALUATE: As shown in Figure 28.41 in the textbook, the field has its largest magnitude at the center of the coil 


and decreases with distance along the axis from the center. 
28.33. IDENTIFY: Apply Eq.(28.16). 
SETUP: At the center of the coil, x= 0. a is the radius of the coil, 0.020 m. 


_ HNI _ m (600) (0.500 A) 
center 2a 2(0.020 m) 
. 2 
b) B(x) = — oN Hés{ OOOO; 500 AX0020 m)” 
2(x +a) 2((0.080 m)? + (0.020 m)*) 


EXECUTE: (a) B =9.42x10° T. 


B(0.08 m) = =1.34x10* T. 


EVALUATE: As shown in Figure 28.41 in the textbook, the field has its largest magnitude at the center of the coil 


and decreases with distance along the axis from the center. 
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28.34. 


28.35. 


28.36. 


28.37. 


28.38. 


IDENTIFY and SET Up: The magnetic field at a point on the axis of N circular loops is given by 
z HyNIa* 
_ 2B (x° +a)” _ 2(6.39x10* T)[(0.0600 m)? + (0.0600 m’ F? | 
Myla? (42 x10 T-m/A)(2.50 A)(0.0600 m}? 
HNI 


2a 


Solve for N and set x = 0.0600 m. 


EXECUTE: N 69. 


EVALUATE: At the center of the coil the field is B, = =1.8x10° T. The field 6.00 cm from the center is a 


factor of 1/2°? times smaller. 
IDENTIFY: Apply Ampere’s law. 
SETUP: 4, =47x107 T-m/A 


EXECUTE: (a) B-d = plaa = 3.8310 T-m and I, =305 A. 


encl 
b) —3.83x 107 T-m since at each point on the curve the direction of dI is reversed. 
p 


EVALUATE: The line integral $B -dÏ around a closed path is proportional to the net current that is enclosed by 


the path. 

IDENTIFY: Apply Ampere’s law. 

SET Up: From the right-hand rule, when going around the path in a counterclockwise direction currents out of the 
page are positive and currents into the page are negative. 


EXECUTE: Patha: /,,,=0> $B -dl =0. 

Path b: Taa =- =—4.0 A > Ë -di = -u,(4.0 A) =-5.03x10° T-m. 

Path c: T a =, +7, =—4.0 A +6.0 A =2.0 A $Ë -dÏ = (2.0 A) =2.51x10° T-m 
Path d: Lae =- +1, +1 =4.0 A => ÈB -dÏ = +u,(4.0 A) =5.03x10° T-m. 


EVALUATE: If we instead went around each path in the clockwise direction, the sign of the line integral would be 
reversed. 

IDENTIFY: Apply Ampere’s law. 

SET UP: To calculate the magnetic field at a distance r from the center of the cable, apply Ampere’s law to a 


circular path of radius r. By symmetry, pË -dl = B(2zr) for such a path. 
I 


=1 => B -dÏ = uI > Bar = yl Bose 
Tr 


EXECUTE: (a) For a<r<b, I 


encl 


(b) For r >c, the enclosed current is zero, so the magnetic field is also zero. 
EVALUATE: A useful property of coaxial cables for many applications is that the current carried by the cable 
doesn’t produce a magnetic field outside the cable. 
IDENTIFY: Apply Ampere's law to calculate B. 
(a) SETUP: Fora<r<hb the end view is shown in Figure 28.38a. 
A 
Cay Apply Ampere's law to a circle of radius r, 
g. where a <r < b. Take currents J, and Z, to 
4) be directed into the page. Take this direction 
to be positive, so go around the integration 
path in the clockwise direction. 


Figure 28.38a 
EXECUTE: pB AD = pT onc 
$B di = BQ), Tg =, 


Thus BQar) = Wl, and B = Lol 
mr 
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28.39. 


28.40. 


28.41. 


28.42. 


(b) SETUP: =r > c: See Figure 28.38b. 


Apply Ampere's law to a circle of 
radius r, where r > c. Both 
currents are in the positive 
direction. 


Figure 28.38b 
EXECUTE: pB -dÜ = [plone 


$B di = BQar), Iaa = 1, +1, 


encl 


Thus B(2zr) = (I, +1,) and B — Hol +4) 

2ar 
EVALUATE: Fora k< r< b the field is due only to the current in the central conductor. For r > c both currents 
contribute to the total field. 
IDENTIFY: The largest value of the field occurs at the surface of the cylinder. Inside the cylinder, the field 
increases linearly from zero at the center, and outside the field decreases inversely with distance from the central 
axis of the cylinder. 


; ae ; f I i 
SET UP: At the surface of the cylinder, B = Mol , inside the cylinder, Eq. 28.21 gives B= lee and outside 
27R 2m R 
the field is B = Ho! 
ar 
ee : ; ; ; Mol r 1ù ul ) 
EXECUTE: For points inside the cylinder, the field is half its maximum value when ~—— =—| -——— |, which 
2m RÀ 2\2aR 


gives r = R/2. Outside the cylinder, we have ee Hak , which gives r = 2R. 
2ar 2\2aR 


EVALUATE: The field has half its maximum value at all points on cylinders coaxial with the wire but of radius 
R/2 and of radius 2R. 


IDENTIFY: B =n] = at 

SETUP: L=0.150m 

EXECUTE: B= Ho(600) (8.00 A) = (0.0402 T 
(0.150 m) 


EVALUATE: The field near the center of the solenoid is independent of the radius of the solenoid, as long as the 
radius is much less than the length. 


(a) IDENTIFY and SET Up: The magnetic field near the center of a long solenoid is given by Eq.(28.23), B = spn. 
0.0270 T 

mI (42x10 T-m/A)(12.0 A) 

(b) N =nL =(1790 turns/m)(0.400 m) = 716 turns 

Each turn of radius R has a length 27R of wire. The total length of wire required is 

N(22R) =(716)(27)(1.40 x107 m) = 63.0 m. 


EVALUATE: A large length of wire is required. Due to the length of wire the solenoid will have appreciable 
resistance. 


=1790 turns/m 


EXECUTE: Turns per unit length n = 


A N 
IDENTIFY and SET UP: At the center of a long solenoid B = nI = Hyt 


BL — (0.150 T)1.40m) 

HN (42x10 T-m/A)(4000) 

EVALUATE: The magnetic field inside the solenoid is independent of the radius of the solenoid, if the radius is 
much less than the length, as is the case here. 


EXECUTE: J= 
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28.43. IDENTIFY and SET UP: Use the appropriate expression for the magnetic field produced by each current 


configuration. 
2 
Execute: (a) B=} so 1 =278 = a MAIT A TD as a9 i6%A 
2ar Mo 472x100 T-m/A 
(b) B= N pl diz 2RB _ 2(0.210 ma T) -124x105 A . 
2R Nu (100)(47x10~ T-m/A) 
BL _ (37.2 T)(0.320 m) 


@ hak: ToT = 
L MN (42x10 T-m/A)(40,000) 


EVALUATE: Much less current is needed for the solenoid, because of its large number of turns per unit length. 
28.44. IDENTIFY: Example 28.10 shows that outside a toroidal solenoid there is no magnetic field and inside it the 
HoNI 
Rar ` 
SET UP: The torus extends from 7, =15.0 cm to r, =18.0 cm. 
EXECUTE: (a)r= 0.12 m, which is outside the torus, so B = 0. 
mr- m oe E ODEs) 
2ar 27(0.160 m) 
(c) r= 0.20 m, which is outside the torus, so B = 0. 
EVALUATE: The magnetic field inside the torus is proportional to 1/7 , so it varies somewhat over the cross- 
section of the torus. 


magnetic field is given by B= 


=2.66x10° T. 


LNI 


28.45. IDENTIFY: Example 28.10 shows that inside a toroidal solenoid, B = 5 
mr 


SETUP: r =0.070 m 
B= LNI 2 Hy (600)(0.650 A) 
2ar 27(0.070 m) 
EVALUATE: Ifthe radial thickness of the torus is small compared to its mean diameter, B is approximately 
uniform inside its windings. 
28.46. IDENTIFY: Use Eq.(28.24), with 4 replaced by u= K „4l, with K,, =80. 


SETUP: The contribution from atomic currents is the difference between B calculated with x and B calculated 


EXECUTE: =1.11x10° T. 


with 4. 


g HNL _ KoblNI _ 44)(80)(400)(0.25 A) 
2ar 2ar 27(0.060 m) 


(b) The amount due to atomic currents is B' = 72 B = 2 (0.0267 T) =0.0263T. 


EXECUTE: (a) =0.0267 T. 


~ 80 
EVALUATE: The presence of the core greatly enhances the magnetic field produced by the solenoid. 
B = K nko N! T 
ar 


28.47. IDENTIFY and SET UP: (Eq.28.24, with 4 replaced by K, 4) 


EXECUTE: (a) K,, =1400 
= 2arB _— (2.9010 m)(0.350 T) 


2 = =0.0725 A 
UK,,N (2x10 T-m/A)(1400)(500) 
(b) K,, =5200 
2 
__2arB __ (290x107 m0350T) 00195A 


MK ,N (2x107 T-m/A)(5200)(500) 
EVALUATE: Ifthe solenoid were air-filled instead, a much larger current would be required to produce the same 
magnetic field. 


28.48. IDENTIFY: ApplyB = E 


2ar 
SETUP: Kis the relative permeability and y,, =K,, —1 is the magnetic susceptibility. 
_ 2arB _ 2x(0.2500 m)(1.940 T) _ 2 
WNI u (500)(2.400 A) 
(b) Za = Kn —1=2020. 
EVALUATE: Without the magnetic material the magnetic field inside the windings would be B/2021 =9.6x10* T. 
The presence of the magnetic material greatly enhances the magnetic field inside the windings. 


EXECUTE: (a) K, 021. 
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28.49. 


28.50. 


28.51. 


IDENTIFY: The magnetic field from the solenoid alone is B, = “nl. The total magnetic field is B= K „Bo. M is 
given by Eq.(28.29). 

SETUP: n=6000 turns/m 

EXECUTE: (a) (i) B, = 4,71 = “(6000 m™) (0.15 A) =1.13« 10° T. 

(ii) M = Ka 7 ol (1.13 10° T) = 4.68 x 10° A/m. 


0 Mo 
(iii) B = K „B, =(5200)(1.13 x 10° T) =5.88 T. 
(b) The directions of B, B, and M are shown in Figure 28.49. Silicon steel is paramagnetic and B, and M are in 


the same direction. 
EVALUATE: The total magnetic field is much larger than the field due to the solenoid current alone. 


Figure 28.49 


IDENTIFY: Curie’s law (Eq.28.32) says that 1/M is proportional to T, so 1/y,, is proportional to T. 
SETUP: The graph of 1/%„ versus the Kelvin temperature is given in Figure 28.50. 


EXECUTE: The material does obey Curie’s law because the graph in Figure 28.50 is a straight line. M = C T and 


= T : 
M= B-B, says that y,, = ao ny A a and the slope of 1/ y,, versus Tis 1/(C44). Therefore, from the 


m 


Mo Mo 
1 z 1 
m (slope) (513 K) 
EVALUATE: For this material Curie’s law is valid over a wide temperature range. 
1600 


graph the Curie constant is C = =1.55x10° K-A/T-m. 


1200 


Susceptibility!  g00 


400 


0.00 
0.00 40.0 80.0 120 160 200 240 280 320 


T(K) 
Figure 28.50 
IDENTIFY: Moving charges create magnetic fields. The net field is the vector sum of the two fields. A charge 
moving in an external magnetic field feels a force. 
qvsing 
2 


(a) SET Up: The magnetic field due to a moving charge is B = = 
m r 


lo ka ; oa 


4n r’ r? 


. Both fields are into the paper, so 


their magnitudes add, giving B,,, =B +B'= 


EXECUTE: Substituting numbers gives 
_ My | (8.00 wC)(9.00 x10* m/s)sin 90° , 6.00 uC)(6.50x10* m/s)sin 90° 
“Ag (0.300 m)? (0.400 m)? 


Ba =1.00x 10° T=1.00wT, into the paper. 


(b) SETUP: The magnetic force on a moving charge is F = q¥ x B, and the magnetic field of charge q' at the 
location of charge q is into the page. The force on q is 


Dy fe as A v xP A v'sin a ‘yv'sin g \ 5 
F = gi B = (qvi 2 2 = quyix{ LSE |=| aaron ) 
4r r 4r r An r 


where ø is the angle between v’ and 7’. 
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28.52. 


28.53. 


28.54. 


28.55. 


EXECUTE: Substituting numbers gives 
pol (8.00 x10% C)(5.00 x10 *C)(9.00 x10“ m/s) (6.50 x10 m/s) (2) ‘ 
An (0.500 m} 0.500 


F =(7.49x10°N)j. 


EVALUATE: These are small fields and small forces, but if the charge has small mass, the force can affect its 
motion. 
IDENTIFY: The wire creates a magnetic field near it, and the moving electron feels a force due to this field. 


: ok I 
SETUP: The magnetic field due to the wire is B = > 
ar 


, and the force on a moving charge is F = qvBsing. 


EXECUTE: F =qvBsing =(evu,/ sing)/2zr. Substituting numbers gives 

F =(1.60x10- C)(6.00x10* m/s)(4zx107 T-m/A)(2.50 A)(sin 90°) /[27(0.0450 m)] 

F=1.07 x 10” N 

From the right hand rule for the cross product, the direction of Yx B is opposite to the current, but since the 
electron is negative, the force is in the same direction as the current. 

EVALUATE: This force is small at an everyday level, but it would give the electron an acceleration of about 10'’ m/s’. 
IDENTIFY: Find the force that the magnetic field of the wire exerts on the electron. 

SETUP: The force on a moving charge has magnitude F = |q|vB sing and direction given by the right-hand rule. 


For a long straight wire, B = Hol and the direction of B is given by the right-hand rule. 


2ar 
Bsi 

EXECUTE: (a) al mae efa) 
m m \ 2ar 


a (1.6x10 `" C)(2.50x10° m/s)(4z x107 T -m/A)(25.0 A) 


n =1.1x10° m/s’, 
(9.11x10™ kg)(27)(0.0200 m) 


away from the wire. 
(b) The electric force must balance the magnetic force. eE = evB , and 


Hol _ (250, 000 m/s)(4z x 107 T -m/A)(25.0 A) 
2ar 27(0.0200 m) 


the wire so the force from the electric field must be toward the wire. Since the charge of the electron is negative, 
the electric field must be directed away from the wire to produce a force in the desired direction. 


EVALUATE: (c) mg =(9.11x10™ kg)(9.8 m/s”) x10” N. F, =eE =(1.6x10™ C)(62.5 N/C) #10 N. 
F,~10" F, 
IDENTIFY: Use Eq.(28.9) and the right-hand rule to calculate the magnetic field due to each wire. Add these field 


vectors to calculate the net field and then use Eq.(27.2) to calculate the force. 
SET Up: Let the wire connected to the 25.0 Q resistor be #2 and the wire connected to the 10.0 Q resistor be #1. 


Both J, and Z, are directed toward the right in the figure, so at the location of the proton B, is © and B, =O. 


E=vB=y 


= 62.5 N/C . The magnetic force is directed away from 


so we can neglect gravity. 


rav? 


B= Ad and B, = = 2, with r = 0.0250 m. J, =(100.0 V)(10.0 Q) =10.0 A and Z, =(100.0 V)/(25.0 Q) =4.00 A 
mr mr 


EXECUTE: B, =8.00x10° T, B, =3.20x10° T and B = B, - B, = 4.80 x10% T and in the direction ©. 
1 2 1 2 


y 
i ; Force is to the right. 
B F 


Figure 28.54 
F =qvB =(1.602x10-” C)(650x 10° m/s)(4.80x 10° T) =5.00x1078 N 


EVALUATE: The force is perpendicular to both # and B. The magnetic force is much larger than the gravity 

force on the proton. 

IDENTIFY: Find the net magnetic field due to the two loops at the location of the proton and then find the force 

these fields exert on the proton. 

: : : IR? 

SET UP: Fora circular loop, the field on the axis, a distance x from the center of the loop is B = rae 
+x 


R=0.200 m and x =0.125 m. 
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28.56. 


28.57. 


28.58. 


TR? 
EXECUTE: The fields add, so B= B, + B, =2B, =2 a nae |: 
UR + x) 


_ (4x107 T-m/A)(1.50 A)(0.200 m)? 
[(0.200 m)? + (0.125 m} F? 
F =|q|vBsin g = (1.6 x 10° C)(2400 m/s)(5.75 x10% T) sin 90° = 2.21x 10! N, perpendicular to the line ab and 


to the velocity. 
EVALUATE: The weight of a proton is w=mg =1.6x10™ N, so the force from the loops is much greater than 


=5.75x10° T. 


the gravity force on the proton. 
IDENTIFY: The net magnetic field is the vector sum of the fields due to each wire. 


I = 
SETUP: B=. The direction of B is given by the right-hand rule. 
ar 


EXECUTE: (a) The currents are the same so points where the two fields are equal in magnitude are equidistant 
from the two wires. The net field is zero along the dashed line shown in Figure 28.56a. 

(b) For the magnitudes of the two fields to be the same at a point, the point must be 3 times closer to the wire with 
the smaller current. The net field is zero along the dashed line shown in Figure 28.56b. 

(c) As in (a), the points are equidistant from both wires. The net field is zero along the dashed line shown in 
Figure 28.56c. 

EVALUATE: The lines of zero net field consist of points at which the fields of the two wires have opposite 
directions and equal magnitudes. 


slope = +1.00 
Z 
` 10.0A PEE 
ane i} slope = + 3 
Se 10.0A 
s| — 
€ J Pi 
\ 7 
\ E 
100A | \.slope = —1.00 Pa [00a 
NS Pig 
N 
pS 
(a) (b) (O) 
Figure 28.56 
= V xP 
Ipentiry: B= fo Por 


4r r’ 
SETUP: #=i and r=0.250 m, so ¥, x? =v, j —Vo,k. 


p_k Il. 3 ; ANS My q a 

EXECUTE: B= ie 2 (vo) vy å) = (6.00x10 s T)j. vy, =0. rears =6.00x10° T and 

_ 4(6.00 x10% T)(0.25 m)? 
My(-7.20 x 10° C) 


The sign of v, isn’t determined. 


=-521 m/s. vp =V —V%, -Wh = +,/(800 m/s)? —(—521 m/s)? = +607 m/s. 


y 


0z 


(b) Now F = j and r =0.250 m. B= Ho Wir LIA 1 (vok Vp). 
4n r 4rr 


w lal m z _ olal Hy (7.20 x 10° ©) —6 

B= avo. +V, = W= 800 m/s =9.20 x10 T. 
4a? NO Agr? ° 4m (0.250 my’ 

EVALUATE: The magnetic field in part (b) doesn’t depend on the sign of v,,. 


IDENTIFY and SET Up: B=B,(x/a)i 


L Apply Gauss's law for magnetic fields to 
a cube with side length L, one corner at 
L the origin, and sides parallel to the x, y 
y and z axes, as shown in Figure 28.58. 


Figure 28.58 
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EXECUTE: Since B is parallel to the x-axis the only sides that have nonzero flux are the front side (parallel to 
the yz-plane at x = L) and the back side (parallel to the yz-plane at x = 0.) 

front ©, = | B-dd=B,(x/a)| dA(i-i) = B,(x/a)| dA 

x=L on this face so B-dA = B,(L/a)dA 

®, = B,(L/a)| dA = B,(Lia)L? =B (L'a) 

back On the back face x = 0 so B= 0 and ®, =0. The total flux through the cubical Gaussian surface is ©, = B,(L’/a). 
EVALUATE: This violates Eq.(27.8), which says that ®, =0 for any closed surface. The claimed B is 


impossible because it has been shown to violate Gauss's law for magnetism. 

28.59. IDENTIFY: Use Eq.(28.9) and the right-hand rule to calculate the magnitude and direction of the magnetic field at 
P produced by each wire. Add these two field vectors to find the net field. 
(a) SETUP: The directions of the fields at point P due to the two wires are sketched in Figure 28.59a. 


1, = 6.00A 
1.00 m = = 
EXECUTE: B, and B, must be equal and 
I opposite for the resultant field at P to be zero. 
| x B, is to the right so Z, is out of the page. 
0.50 m 
oeo 
Bb, P B, 
Figure 28.59a 
a= Hil ta CODA) B -A L ) 
|! 2an 2a\1.50 m 2ar, 22\0.50m 
6.00 A I 
B, = By says £2 00 al 2 ) 
2m\1.50m/ 27\0.50m 
a 929 \6.00.4)=2.00.4 
1.50m 
(b) SET Up: The directions of the fields at point Q are sketched in Figure 28.59b. 
B Q EXECUTE: B= Hl 
y4+— êB, 2N, 
0.50 : 
m B,=(2x107 T-mwA)| 294 | 22 40x10 T 
l 0.50 m 
_ Hh, 
1.00 m 2 2nr, 
L B, =(2x107 T-m/A) oO 4) 267x107 T 
1.50 m 
Figure 28.59b 


B, and B, are in opposite directions and B, > B, so 
B=B,-B,=2.40x10° T—2.67x107 T =2.13x10° T, and B is to the right. 
(c) SET Up: The directions of the fields at point S are sketched in Figure 28.59c. 


0.60 m . _ Mol, 
ah Qo. EXECUTE: B, ee 


1 
BNys 
j B,=(2x107 T-m/A) one? =2.00x10° T 
0.60 m 
1.00 m Bi Ll, 
EA 
0.80 m 27r, 
2.00 A 
YL B, = (2x107 T-m/A)} — =5.00x107 T 
© a= (ae A) 
Figure 28.59c 


B, and B, are right angles to each other, so the magnitude of their resultant is given by 


B = ]B? + B? = (2.0010 T)? +(5.00x107 T}? =2.06x10% T 
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28.60. 


28.61. 


28.62. 


28.63. 


EVALUATE: The magnetic field lines for a long, straight wire are concentric circles with the wire at the center. 

The magnetic field at each point is tangent to the field line, so B is perpendicular to the line from the wire to the 

point where the field is calculated. 

IDENTIFY: Find the vector sum of the magnetic fields due to each wire. 

Mol 
mr 

to the line from the wire to the point where then field is calculated. 

EXECUTE: (a) The magnetic field vectors are shown in Figure 28.60a. 

= p) Lol sin@ = Hol a = Hola 

2ar Weta Jeta a(x +a’) 

(c) The graph of B versus x/a is given in Figure 28.60b. 

EVALUATE: (d) The magnetic field is a maximum at the origin, x = 0. 


(e) When x >> a, B x Hola 


SET Up: Fora long straight wire B = . The direction of B is given by the right-hand rule and is perpendicular 


(b) At a position on the x-axis Be , in the positive x-direction. 


7° 


—3.00 -2.00 —1.00 0.00 1.00 2.00 3.00 x [a 
(b) 
Figure 28.60 
IDENTIFY: Apply F = //Bsing, with the magnetic field at point P that is calculated in problem 28.60. 
SET UP: The net field of the first two wires at the location of the third wire is B = ee z) , in the +x-direction. 
m(x +a 


EXECUTE: (a) Wire is carrying current into the page, so it feels a force in the —y-direction . 
F Lola (6.00 A)? (0.400 m) 
deat 2 2. = 2 2 
L a(x’ +a") ) ((0.600 m)? + (0.400 m)’) 
(b) If the wire carries current out of the page then the force felt will be in the opposite direction as in part (a). Thus 
the force will be 1.11x10 N/m, in the +y-direction. 


EVALUATE: We could also calculate the force exerted by each of the first two wires and find the vector sum of 
the two forces. 

IDENTIFY: The wires repel each other since they carry currents in opposite directions, so the wires will move 
away from each other until the magnetic force is just balanced by the force due to the spring. 


=1.11x10° N/m. 


os a PL 
SET UP: The force of the spring is kx and the magnetic force on each wire is Finag = eee 
mT X 
EXECUTE: Call x the distance the springs each stretch. On each wire, Fy, = Fmag, and there are two spring forces 
Tale yar oe ny PL 
on each wire. Therefore 2kx = ore which gives x = Hone : 
2m x 2m k 


EVALUATE: Since 44/2% is small, x will likely be much less than the length of the wires. 
IDENTIFY: Apply VF = 0 to one of the wires. The force one wire exerts on the other depends on / so YF =0 


gives two equations for the two unknowns T and J. 
SETUP: The force diagram for one of the wires is given in Figure 28.63. 


Tcos 0 4- - - 


; 3 P 
The force one wire exerts on the other is F = Cau 
ar 


1—0 Tat where r = 2(0.040 m)sin @ = 8.362 x107 m is the 
mg distance between the two wires. 


Figure 28.63 
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28.64. 


28.65. 


28.66. 


28.67. 


EXECUTE: JF, =0 gives Tcos@ = mg and T =mg/cos0 
XF, =0 gives F =T sin = (mg/cos@)sin 0 = mg tan 0 
And m = AL, so F = ALg tan 0 


2 
Gat =ALg tan@ 
2ar 


I= Agr tan 0 
V (4/22) 
_ {(0.0125 kg/m)(9.80 m/s)’ (tan 6.00°)(8.362 x10” m) 
2x10'T-m/A 
EVALUATE: Since the currents are in opposite directions the wires repel. When / is increased, the angle 0 from 
the vertical increases; a large current is required even for the small displacement specified in this problem. 
IDENTIFY: Consider the forces on each side of the loop. 


SETUP: The forces on the left and right sides cancel. The forces on the top and bottom segments of the loop are 
in opposite directions, so the magnitudes subtract. 


EXECUTE: F=F, no(a 2 a) ati L), 


I =23.2 A 


20 nt 2m r ñ 


(5.00 A)(0.200 my(14.0A)( 1 1 
Qn 0.100m 0.026m 


from the wire, so the net force is away from the wire. 
EVALUATE: The net force on a current loop in a uniform magnetic field is zero, but the magnetic field of the wire 
is not uniform, it is stronger closer to the wire. 


Fut 


=7.97 x10” N. The force on the top segment is away 


IDENTIFY: Find the magnetic field of the first loop at the location of the second loop and apply T = | üx B| and 


U =-ū-B to find wand U. 
SETUP: Since x is much larger than a’ , assume B is uniform over the second loop and equal to its value on the 
axis of the first loop. 


Nula’ A Nula’ 
Ax ta 2 
Nati” sing- NN' url tae: sind 
2x 2x 


EXECUTE: (a) x>>a>B= 


r= |x| = ntsind (wt 


NN'uz l'aa” cosO 

2x° i 
EVALUATE: (c) Having x >> a allows us to simplify the form of the magnetic field, whereas assuming x >>’ 
means we can assume that the magnetic field from the first loop is constant over the second loop. 


= Nula? 
(b) U =f B =-uBcos0 = -NT ra A < Joso = 
x 


IDENTIFY: Apply q = Pot 
4n r 


SETUP: The two straight segments produce zero field at P. The field at the center of a circular loop of radius R is 


B= Hy, so the field at the center of curvature of a semicircular loop is B = He, 
EXECUTE: The semicircular loop of radius a produces field out of the page at P and the semicircular loop of 


radius b produces field into the page. Therefore, B = B, — B, = L tol YE L Niol 1-2 |, out of page. 
2.2 a b 4a b 


EVALUATE: Ifa=b, B=0. 

IDENTIFY: Find the vector sum of the fields due to each loop. 
Hola” 

along the x-axis from between them means that the “x” in the formula is different for each case: 

EXECUTE: 


SETUP: Fora single loop B= Here we have two loops, each of N turns, and measuring the field 


S HyNIa* 
2((x+a/2)? +a’)? ° 


Left coil: x > x4 iad 


‘ : a Ly NIa? 
Right coil: x > x => B= OC 
2 2((x -a/2)° +a°) 
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So, the total field at a point a distance x from the point between them is 


_ MyNIa’ 1 1 
2) (Œa +a -aP +0)” J 


(b) B versus x is graphed in Figure 28.67. Figure 28.67a is the total field and Figure 27.67b is the field from the 
right-hand coil. 


2 2 3/2 
(c) At point P, x =0 and B = HoNla a = t : sar |= LAL -(3) HNI 
2 (aJ 2f +YP (al +a yP) (50/4 (5 a 


3/2 3/2 
(a) s-(2) ait (4) 4y(300)(6.00 A) 0.0202 7. 
5 5 (0.080 m) 
(e) dB _ MNIa? —3(x+a/2) —3(x —a/2) i0 
dx 2 xta 2 +a (x-a? +0)” 
dB| _ uNIa? =3(a/2)__ | -3(-a/2)_\_g 
dso 2 \@a/2P +a) Ca +a)? J 
d°B u,Nla° -3 _ 6(x+a/2 (5) -3 __ 6(x-a/2} (5/2) 
dè 2 (+a 2} +a ((xt+a/2P +a) (x-a +a x-a} +a 
gues aa ENS al -3 _ 6(a/2)°(5/2)_, -3 _ 6(-a/2)°(5/2) }- 
> dx? er 2 ((a/2) ta) ((a/2)° +.a’)"”” ((a/2) +a’)? ((a/2} +a’)? 


EVALUATE: Since both first and second derivatives are zero, the field can only be changing very slowly. 
B B 


0.00 0.100 0.200 0.300 0.400 0.500 a 0.500 —0.400 —0.300 —0.200 —0.100 0.00 $ 
(a) (b) 
Figure 28.67 
28.68. IDENTIFY: A current-carrying wire produces a magnetic field, but the strength of the field depends on the shape 
of the wire. 
SETUP: The magnetic field at the center of a circular wire of radius a is B = 41/2a, and the field a distance x 


d : . Mol 2a 
from the center of a straight wire of length 2a is B = —— — ==. 
4T xx? +a? 
EXECUTE: (a) Since the diameter D = 2a, we have B = 4l/2a = I/D. 
(b) In this case, the length of the wire is equal to the diameter of the circle, so 2a = æD, giving a=aD/2, and 


2(2zD/2 
x =D/2. Therefore B= Hol (z ) = Hol ; 
4T (DI2WD?/4+rD?/4 DvV1+7’ 


EVALUATE: The field in part (a) is greater by a factor of V1+ 7° . It is reasonable that the field due to the 
circular wire is greater than the field due to the straight wire because more of the current is close to point A for the 
circular wire than it is for the straight wire. 
2 Idi x? 
28.69. IDENTIFY: Apply dB = = a = a 
1 


r 


SETUP: The contribution from the straight segments is zero since di xr =0. The magnetic field from the curved 
wire is just one quarter of a full loop. 


I I er 
EXECUTE: B= (4) = a and is directed out of the page. 
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28.70. 


28.71. 


28.72. 


EVALUATE: Itis very simple to calculate B at point P but it would be much more difficult to calculate B at other 
points. 


IDENTIFY: Apply dB = Hy tal x E 
4r r 


SETUP: The horizontal wire yields zero magnetic field since dI xF =0. The vertical current provides the 
magnetic field of half of an infinite wire. (The contributions from all infinitesimal pieces of the wire point in the 
same direction, so there is no vector addition or components to worry about.) 


I I 

EXECUTE: B=} Lo |= E 
2aR)} 4aR 
EVALUATE: In the equation preceding Eq.(28.8) the limits on the integration are 0 to a rather than —a to a and 


and is directed out of the page. 


this introduces a factor of + into the expression for B. 


(a) IDENTIFY: Consider current density J for a small concentric ring and integrate to find the total current in 
terms of æ and R. 


SETUP: We can't say I =JA=JzR’, since J varies across the cross section. 


To integrate J over the cross section of 
the wire divide the wire cross section up 
into thin concentric rings of radius r and 
width dr, as shown in Figure 28.71. 


Figure 28.71 


EXECUTE: The area of such a ring is dA, and the current through it is dI! =J dA; dA=2zrdr and 
dI = J dA = ar (27r dr) =2aar’dr 


I =Í dI = 2raf rdr =27a(R’*/3) so a= — 


R? 
(b) IDENTIFY and SETUP: (i) r<R 


Apply Ampere's law to a circle of radius r < R. Use the method of part (a) to find the current enclosed by the 
Ampere's law path. 


EXECUTE: Ë -dl = $B dl = Boal = B(2zr), by the symmetry and direction of B. The current passing through 
_ 2aar’ “2 3I F D 


3 
the path is 7 5 is . Thus 
3 3 \2aR R 


enc! = Í dl, where the integration is from 0 to r. Zaa = 2ma dr 


encl 


BF ; Ir Molt? 
fb -dl = Lgl aa Gives B(27r) = th T ) and B = R 
(ii) IDENTIFY and SETUP: r2=R 
Apply Ampere’s law to a circle of radius r > R. 


Execute: B-dl = Bal = Bhdl = B(2zr) 


Mol 


Iaa = 1; all the current in the wire passes through this path. Thus þË -di = l „a gives B(27r) = ppl and B = 3 
ar 


encl 


Eo este oe ; I 
EVALUATE: Note that at = R the expression in (i) (for r < R ) gives B= T 
T 


. Atr = R the expression in (ii) 


: Mol 
for r>R) gives B= 
( )g aR 


, which is the same. 


IDENTIFY: Apply Ampere’s law to a circle of radius r in each case. 
SET Up: Assume that the currents are uniform over the cross sections of the conductors. 


A í = > 5 vi 
EXECUTE: (a) r<a>,,=1) |=1| |. QÈ -dÏ = B2ar = pl gq = ol | — | and B=". When 
A a a 2ra 


a 


Hol 
2ra 


r=a,B= , which is just what was found in part (a) of Exercise 28.37. 


Sources of Magnetic Field 28-23 


A 2_p A 2 2_p? Dy 2, 
(b) b<r<cS lag HL i[4e]au(1 I Gill = ar = aoe fel S| and 


boc c c 


Qar \c? -b 


part (b) of Exercise 28.37. 
EVALUATE: Unlike Æ, B is not zero within the conductors. B varies across the cross section of each conductor. 


28.73. IDENTIFY: Apply ÈB -då =0. 


SETUP: Take the closed gaussian surface to be a cylinder whose axis coincides with the wire. 

EXECUTE: If there is a magnetic field component in the z-direction, it must be constant because of the symmetry 
of the wire. Therefore the contribution to a surface integral over a closed cylinder, encompassing a long straight 
wire will be zero: no flux through the barrel of the cylinder, and equal but opposite flux through the ends. The 
radial field will have no contribution through the ends, but through the barrel: 

0=fB-d4=$B,-d4=[ B,-dd=[ Bdd=B,A,,,,=0. Therefore, B, =0. 


barrel” arrel 


2 2 
B -Lol : 4 } When r=b, B= Ke just as in part (a) of Exercise 28.37 and when r =c, B =0, just as in 
T 


EVALUATE: The magnetic field of a long straight wire is everywhere tangent to a circular area whose plane is 
perpendicular to the wire, with the wire passing through the center of the circular area. This field produces zero 
flux through the cylindrical gaussian surface. 

28.74. IDENTIFY: Apply Ampere’s law to a circular path of radius r. 
SETUP: Assume the current is uniform over the cross section of the conductor. 
EXECUTE: (a)r<a> lı =0>B=0. 


encl 


D a 2 Die S T 2_ 2 2_ 4? 
(b) a<r<b>1,,,=1 Aron | _ 7 nA o zje © $8-dl = Bar an Ee and B= Hal a) - 
A n(b?—a’)} (P-a) (P-a?) 2ar (b? —a’) 


ab 


> I 
© r>b> Mogg, =1. QB -dI = B2ar = pol and B =£. 
2ar 
EVALUATE: The expression in part (b) gives B =0 at r=a and this agrees with the result of part (a). The 


eee : I 
expression in part (b) gives B = Ho 
27b 


at r =b and this agrees with the result of part (c). 


28.75. IDENTIFY: Use Ampere's law to find the magnetic field at r =2a from the axis. The analysis of Example 28.9 
shows that the field outside the cylinder is the same as for a long, straight wire along the axis of the cylinder. 


SET UP: 
EXECUTE: Apply Ampere's law to a circular 
path of radius 2a, as shown in Figure 28.75. 

J B27) T Mol enct 
D 2a) =a 
ey | a 
(3a) -a 
Figure 28.75 
B= Ž - of ; this is the magnetic field inside the metal at a distance of 2a from the cylinder axis. Outside the 
ma 


cylinder, B= aed The value of r where these two fields are equal is given by 1/r =3/(16a) andr =16a/3. 
ar 


EVALUATE: For r < 3a, as r increases the magnetic field increases from zero atr = 0 to 441 /(27(3a)) atr=3a. 
For r > 3a the field decreases as r increases so it is reasonable for there to be a r > 3a where the field is the same as 
at r= 2a. 

28.76. IDENTIFY: The net field is the vector sum of the fields due to the circular loop and to the long straight wire. 

I I 

Hoi and for the loop, B-42., 

22D 2R 

EXECUTE: At the center of the circular loop the current 7, generates a magnetic field that is into the page, so the 


SET UP: For the long wire, B = 


current J, must point to the right. For complete cancellation the two fields must have the same magnitude: 


Holy _ Hols | Thus, J, = 227,. 
24D 2R 
EVALUATE: If J, is to the left the two fields add. 
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28.77. IDENTIFY: Use the current density J to find dI through a concentric ring and integrate over the appropriate cross 
section to find the current through that cross section. Then use Ampere's law to find B at the specified distance 
from the center of the wire. 

(a) SET UP: 


Divide the cross section of the cylinder into 
thin concentric rings of radius r and width 
dr, as shown in Figure 28.77a. The current 
through each ring is dI = J dA = J2ar dr. 


Figure 28.77a 


EXECUTE: d/= fy [1 -(r/a} |2ær dr = Hefi - (v/a) |r dr. The total current Z is obtained by integrating dI 


mta 


, i AI 41, \{ 1 1 iy 
over the cross section / = I, dl = (=) (1 -r'/a’)r dr -(2) 5° -irtja =I,, as was to be shown. 
a a 


a 
0 2 
0 


(b) SETUP: Apply Ampere's law to a path that is a circle of radius r > a, as shown in Figure 28.77b. 


~ 


$B -di = Bar) 


Lac = Z (the path encloses the entire cylinder) 


encl 


Figure 28.77b 


EXECUTE: fË -di = Lgl, Says Bar) = Hl, and B= F l 
mr 


(c) SET UP: 
Divide the cross section of the cylinder into concentric 
rings of radius r’ and width dr’, as was done in part (a). 
See Figure 28.77c. The current d/ through each ring 


4I N? 
dr’ is dI = li -2 p dr' 
a a 


Figure 28.77c 


EXECUTE: The current J is obtained by integrating dI from r'=0 tor’ =r: 


Ahel, (PYS, SAR IR a ; r 
Tafae- pS) } dr = [ar y -L(r ia | 


a 


2 


4I Lr’ r 
1 Aho ia-r aa) =H 2 
a a a 


(d) SET Up: Apply Ampere's law to a path that is a circle of radius r < a, as shown in Figure 28.77d. 
$B -di = B2zr) 
Ir’ r 
Laa =| 2- | (from part (c)) 
a a 


Figure 28.77d 


Iy 


2 
a 


2 
Execute:  B-di = laa Says Bar) = p (2-17 /a*) and B= Ah (2-9 /a’) 
Ha 


EVALUATE: Result in part (b) evaluated at r =a: B= Eolo, Result in part (d) evaluated at 
ma 


r=a B= 


I I 
Fo’ 20 -a’la’)= So The two results, one for r > a and the other for r < a, agree at r = a. 
a 


ma 
28.78. IDENTIFY: Apply Ampere’s law to a circle of radius r. 


SET Up: The current within a radius ris J =| J -dA , where the integration is over a disk of radius r. 
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28.79. 


28.80. 


28.81. 


EXECUTE: (a) J, = Í J -då =Í [Per ara = 2nbf "ed =2nb6 e’ 
r 


0 


=2nb5(1-e“*). 


I, = 2(600 A/m) (0.025 m) (1 — e°?) =81.5 A. 


ee I 
(b) For r >a, $B -di = B2ar = phyla = Holo and B= 2, 
2ar 


(c) For r<a, I(r)=|J-d4= i(- e” a ‘dr'd0 = 2nb| e" dr = 2rbôe" -ayol , 


0 


(e ri =) 1) 

° (e 7 ald 4) -1) 

ri rl ve 

(e - D and Ba Lolole D 

(e"? —1) 2ar(e”? —1) 
Holo(e-1) _ (815A) _ (e-1) 

2rô(e Ë —1) 22(0.025 m) (e° —1) 


I(r) = 2abd(e"~* — e-*”*) = 2nbde* (e”* —1) and I(r) = I ——— 


(d) For r<a , $B-dl = B(r)20r = Lol gas = Holo 


=1.75x10*T. 


(e) At r=d=0.025m, B= 


ald 
At r=a=0.050m, B= fo U MBIA) _ 3 96x104T. 
2ra (e"* —1) 27(0.050 m) 


At r=2a=0.100m, B= Molo -ABIS A) 
2ar ~ 27(0.100 m) 

EVALUATE: At points outside the cylinder, the magnetic field is the same as that due to a long wire running 

along the axis of the cylinder. 

IDENTIFY: Evaluate the integral as specified in the problem. 


=1.63x107 T. 


yA 
SETUP: Eq.(28.15) says B, =— 1E. 


2( aN 
2 , 
EXECUTE: B,dx =| x Merde | o a rE d(x/a) 
a mo x +a “™((x/a) + 
7/2 
_ Hol dz Hol 
— B dx = osodg = Ht sind = Ll, 
ahe l Panin a 


where we used the substitution z = tan @ to go from the first to second line. 

EVALUATE: This is just what Ampere’s Law tells us to expect if we imagine the loop runs along the x-axis 

closing on itself at infinity: $B -di= Mol. 

IDENTIFY: Follow the procedure specified in the problem. 

SET Up: The field and integration path are sketched in Figure 28.80. 

EXECUTE: $B -dI =0 (no currents in the region). Using the figure, let B = Bi for y<Oand B=0 for y>0. 

Then Í B-di =B,,L—B,,L=0. B,,=0,s0 B,,L =0. But we have assumed that B,, #0. This is a contradiction 
abcde 

and violates Ampere’s Law. 


EVALUATE: Itis often convenient to approximate B as confined to a particular region of space, but this result 
tells us that the boundary of such a region isn’t sharp. 


Figure 28.80 


IDENTIFY: Use what we know about the magnetic field of a long, straight conductor to deduce the symmetry of 
the magnetic field. Then apply Ampere's law to calculate the magnetic field at a distance a above and below the 
current sheet. 
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28.82. 


28.83. 


SETUP: Do parts (a) and (b) together. 
B 
l 


Consider the individual currents in pairs, 
where the currents in each pair are equidistant 
on either side of the point where B is being 

x calculated. Figure 28.81a shows that for each 
pair the z-components cancel, and that above 
the sheet the field is in the —x-direction and 
that below the sheet it is in the +x-direction. 


Figure 28.81a 


Also, by symmetry the magnitude of B a distance a above the sheet must equal the magnitude of B a distance a 
below the sheet. Now that we have deduced the symmetry of B, apply Ampere's law. Use a path that is a rectangle, 
as shown in Figure 28.81b. 


== $B -di = plas 


Figure 28.81b 


I is directed out of the page, so for J to be positive the integral around the path is taken in the counterclockwise 
direction. 


EXECUTE: Since B is parallel to the sheet, on the sides of the rectangle that have length 2a, þË -dl =0. On the 


long sides of length L, B is parallel to the side, in the direction we are integrating around the path, and has the 


same magnitude, B, on each side. Thus fË -dl =2BL. n conductors per unit length and current J out of the page in 


each conductor gives Zna =L. Ampere's law then gives 2BL = uInL and B = 4 41n. 


encl 
EVALUATE: Note that B is independent of the distance a from the sheet. Compare this result to the electric field 
due to an infinite sheet of charge (Example 22.7). 

IDENTIFY: Find the vector sum of the fields due to each sheet. 


SETUP: Problem 28.81 shows that for an infinite sheet B =+ 41n . If J is out of the page, B is to the left above 


the sheet and to the right below the sheet. If Z is into the page, B is to the right above the sheet and to the left 
below the sheet. B is independent of the distance from the sheet. The directions of the two fields at points P, R and 
S are shown in Figure 28.82. 

EXECUTE: (a) Above the two sheets, the fields cancel (since there is no dependence upon the distance from the 
sheets). 

(b) In between the sheets the two fields add up to yield B = nI, to the right. 


(c) Below the two sheets, their fields again cancel (since there is no dependence upon the distance from the sheets). 
EVALUATE: The two sheets with currents in opposite directions produce a uniform field between the sheets and 
zero field outside the two sheets. This is analogous to the electric field produced by large parallel sheets of charge 
of opposite sign. 


p 
(e) (e) ©) ©) (e) © (e) 


R 
[00 00 00 00 00 00 09l 
S 
Figure 28.82 


IDENTIFY and SET UP: Use Eq.(28.28) to calculate the total magnetic moment of a volume V of the iron. Use the 
density and atomic mass of iron to find the number of atoms in this volume and use that to find the magnetic dipole 
moment per atom. 
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28.84. 


28.85. 


EXECUTE: M= oe SO Lota = MV The average magnetic moment per atom is yom = Hora /N =MV/N, 


where N is the number of atoms in volume V. The mass of volume Vis m = pV, where p is the density. 

(Pron = 7-810? kg/m*). The number of moles of iron in volume V is 

"E m _ pv 
55.847x10° kg/mol 55.847x10° kg/mol 


of iron from appendix D. N=nN,, where N, =6.022x10” atoms/mol is Avogadro's number. Thus 


, where 55.847 x10™° kg/mol is the atomic mass 


N=nN, = PEM 
55.847 x10~ kg/mol 
_ MV -MY 55.847 x10” kg/mol )_ M (55.847 x10° kg/mol) 
atom N WN, PN, j 


_ (6.50x10* A/m)(55.847 x10° kg/mol) 
ae (7.8x10° kg/m*)(6.022 x10” atoms/mol) 


Huom = 7-73X10° A -m° =7.73x 10 J/T 


Mp =9.274 x10 A+m?, SO Hrom = 0.0834 pp. 


EVALUATE: The magnetic moment per atom is much less than one Bohr magneton. The magnetic moments of 
each electron in the iron must be in different directions and mostly cancel each other. 

IDENTIFY: The force on the cube of iron must equal the weight of the iron cube. The weight is proportional to the 
density and the magnetic force is proportional to x, which is in turn proportional to K,,. 


SET Up: The densities if iron, aluminum and silver are Pp =7.8x10° kg/m’, pp =2.7x10° kg/m’ and 

Pag =10.5x 10° kg/m’. The relative permeabilities of iron, aluminum and silver are K,, =1400, K „ =1.00022 and 
Ky, =1.00-2.6x10°. 

EXECUTE: (a) The microscopic magnetic moments of an initially unmagnetized ferromagnetic material 
experience torques from a magnet that aligns the magnetic domains with the external field, so they are attracted to 
the magnet. For a paramagnetic material, the same attraction occurs because the magnetic moments align 
themselves parallel to the external field. For a diamagnetic material, the magnetic moments align antiparallel to the 
external field so it is like two magnets repelling each other. 

(b) The magnet can just pick up the iron cube so the force it exerts is 

F., = Mg = Pag = (7.810? kg/m*)(0.020 m)? (9.8 m/s”) = 0.612 N. If the magnet tries to lift the aluminum 
cube of the same dimensions as the iron block, then the upward force felt by the cube is 


1.000022 


Py= (0.612 N)= 400 (0.612 N) =4.37x10~ N. The weight of the aluminum cube is 


Fe 

Wy = MyZ = Paya’ g =(2.7x10° kg/m*)(0.020 m)'(9.8 m/s”) = 0.212 N. Therefore, the ratio of the magnetic force 

4.37x107N 
0.212 N 

(c) If the magnet tries to lift a silver cube of the same dimensions as the iron block, then the downward force felt 

(1.00 —2.6 x10~) 


on the aluminum cube to the weight of the cube is =2.1x10° and the magnet cannot lift it. 


K 
by the cube is Fy, = A (0.612 N) = (0.612 N) = 4.37 x10% N. But the weight of the silver cube 


1400 
Fe 
is Wag = Myg = Paa g =(10.5x10° kg/m*)(0.020 m)?’ (9.8 m/s”) = 0.823 N. So the ratio of the magnetic force on 
_ 437x107 N a ; 
the silver cube to the weight of the cube is -08N ` 5.3 x10“ and the magnet’s effect would not be 


noticeable. 

EVALUATE: Silver is diamagnetic and is repelled by the magnet. Aluminum is paramagnetic and is attracted by 
the magnet. But for both these materials the force is much less that the force on a similar cube of ferromagnetic 
iron. 

IDENTIFY: The current-carrying wires repel each other magnetically, causing them to accelerate horizontally. 
Since gravity is vertical, it plays no initial role. 


F rP : i 
SET UP: The magnetic force per unit length is ra = a , and the acceleration obeys the equation F/L = m/L a. 
m 


The rms current over a short discharge time is J, / V/2. 


28-28 Chapter 28 


EXECUTE: (a) First get the force per unit length: 


ee ee (£) = (22) 
L 2nd 2nd\J2 4rd (R 4rd | RC 


2 
; F ; : 
Now apply Newton’s second law using the result above: — = M a=fas Q, . Solving for a gives 
L L 4rd \ RC 
2 2 
a= — HO From the kinematics equation v, =v), +a,t, we have v, =at =aRC = MQ 
4nAR Cd l a 472ARCd 
2 
HoQs 3 
i 4nARCd 1 
(b) Conservation of energy gives +mv, = mgh and h = a = Hp i 
2g 2g 2g | 4mARCd 


EVALUATE: Once the wires have swung apart, we would have to consider gravity in applying Newton’s second law. 
28.86. IDENTIFY: Approximate the moving belt as an infinite current sheet. 
SET UP: Problem 28.81 shows that B = > H,Jn for an infinite current sheet. Let L be the width of the sheet, so n = //L. 


: A Ax 
EXECUTE: The amount of charge on a length Av of the belt is AQ = LAxo, so I = ae = cae =Lvo. 
t 


Hae are 


Approximating the belt as an infinite sheet B = . Bis directed out of the page, as shown in Figure 28.86. 


EVALUATE: The field is uniform above the sheet, for points close enough to the sheet for it to be considered infinite. 


Figure 28.86 


28.87. IDENTIFY: The rotating disk produces concentric rings of current. Calculate the field due to each ring and 
integrate over the surface of the disk to find the total field. 
; I 
SET UP: At the center of a circular ring carrying current J, B = = 
r 


2Qrdr 


EXECUTE: The charge on a ring of radius ris q =o A = 02 a1rdr = —, 
a 


. If the disk rotates at turns per 


vo Se I 2 
second, then the current from that ring is dI = ua =ndq = 2Qnr 2a Therefore, dB = Ht = o Qnr ud =4 ya 
dt a 2r 2r a a 
We integrate out from the center to the edge of the disk and find B = j dB = j a = Ung 
a a 


EVALUATE: The magnetic field is proportional to the total charge on the disk and to its rotation rate. 
28.88. IDENTIFY: There are two parts to the magnetic field: that from the half loop and that from the straight wire 

segment running from —a to a. 

SETUP: Apply Eq.(28.14). Let the ø be the angle that locates dl around the ring. 


: BR 7 4 Ta? 
EXECUTE: B, (ring) =5B,,.) = ie tay ; 
: ; : Ml dl x : Mplaxsing dø 
dB (ring) = dB sin @ sin ¢ = sin ¢ = ——~_——_— and 
A g) $ 4m E "a a’) (2 ee $ 4ra E 
n z . z Ulaxsingdd Hplax i Llax 
B =| dB (ring)= = cos) =-— =. 
(ring) f; ,( g) f; 4n +a hae ta A 2m +a?) 
I 3 
B (rod) = = using Eq. (28.8). The total field components are: 
: 2ax(x° +a") 
ne Mla Z Mola 1 x a Mla’ 
A(x +a’ y’ ” 2ax@ +a) xX +a? 2ax( x +a y’ ` 


Mol 
mx 4a ? Ina’ 
In this limit B, is the field at the center of curvature of a semicircle and B, is the field of a long straight wire. 


2a ; I 
EVALUATE: B,=-—-—B,. B, decreases faster than B, as x increases. For very small x, B, = -A and B, = 


ELECTROMAGNETIC INDUCTION 


29.1. 


29.2. 


29.3. 


29.4. 


29.5. 


IDENTIFY: Altering the orientation of a coil relative to a magnetic field changes the magnetic flux through the 
coil. This change then induces an emf in the coil. 

SETUP: The flux through a coil of N turns is ® = NBA cos ¢, and by Faraday’s law the magnitude of the induced 
emf is E = dỌ/dt. 

EXECUTE: (a) A® = NBA = (50)(1.20 T)(0.250 m)(0.300 m) = 4.50 Wb 

(b) € = d®/dt = (4.50 Wb)/(0.222 s) = 20.3 V 

EVALUATE: This induced potential is certainly large enough to be easily detectable. 


®, 


IDENTIFY: E= . ©, = BAcos¢. ®, is the flux through each turn of the coil. 


SETUP: ¢=0°. ø =90°. 

EXECUTE: (a) ®,, =BAcos0° =(6.0 x10° T)2x10% m’)(1) =7.2x10°* Wb. The total flux through the coil is 

N®, ; = (200)(7.2 x 10° Wb) =1.44x10° Wb. ®, r =BAcos90° =0. 

N®,-N®,|_ 1.44x10° Wb 
At 0.040 s 


EVALUATE: The average induced emf depends on how rapidly the flux changes. 
IDENTIFY and SET Up: Use Faraday’s law to calculate the average induced emf and apply Ohm’s law to the coil 
to calculate the average induced current and charge that flows. 


(b) €= =3.6x10* V =0.36 mV. 


E 


av 


(a) EXECUTE: The magnitude of the average emf induced in the coil is 


=N ws . Initially, 
At 


|Po,-P,i|_ NBA 


® ,, = BAcos¢ = BA. The final flux is zero, so |E,,|=N . The average induced current is 


At At 
Ey EAE NBA NBA 
I= = Aes The total charge that flows through the coil is Q = 7At = At = ; 
R RAt RAt R 


EVALUATE: The charge that flows is proportional to the magnetic field but does not depend on the time At. 

(b) The magnetic stripe consists of a pattern of magnetic fields. The pattern of charges that flow in the reader coil 
tell the card reader the magnetic field pattern and hence the digital information coded onto the card. 

(c) According to the result in part (a) the charge that flows depends only on the change in the magnetic flux and it 
does not depend on the rate at which this flux changes. 

IDENTIFY and SET Up: Apply the result derived in Exercise 29.3: Q = NBA/R. In the present exercise the flux 


changes from its maximum value of ©, = BA to zero, so this equation applies. R is the total resistance so here 
R=60.0 Q +45.0 Q =105.0 Q. 

: P KIEO) 
EXECUTE: Q= NBA GEE QR (3.56x10 OES £ ) 
R NA 120(3.20 x10" m^) 


EVALUATE: A field of this magnitude is easily produced. 
IDENTIFY: Apply Faraday’s law. 
SETUP: Let +z be the positive direction for A. Therefore, the initial flux is positive and the final flux is zero. 


2 
EXECUTE: (a) and (b) €= Ca Haut Ae 
At 2.0x10” s 


=0.0973 T. 


+34 V. Since £ is positive and A is toward us, 


the induced current is counterclockwise. 
EVALUATE: The shorter the removal time, the larger the average induced emf. 
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29.6. 


29.7. 


29.8. 


29.9. 


IDENTIFY: Apply Eq.(29.4). I = E/R. 
SETUP: d@®,/dt = AdB/dt. 


EXECUTE: (a) E= MeN NAL (B) = Na Ž (0.012 T/s)t + (3.00x 10° T/s*)r*) 
dt dt dt 
E= NA( (0.012 T/s) + (1.2 x10% T/s*)#*) = 0.0302 V + (3.02 x10* V/s*)r°. 
(b) At t=5.00 s, E= 0.0302 V +(3.02x10™% V/s*)(5.00 s)? =0.0680 V. I= £ = A =1.13x10* A. 


EVALUATE: The rate of change of the flux is increasing in time, so the induced current is not constant but rather 
increases in time. 

IDENTIFY: Calculate the flux through the loop and apply Faraday’s law. 

SET Up: To find the total flux integrate d®, over the width of the loop. The magnetic field of a long straight 


Hol 


a The direction of B is given by the right-hand rule. 
ar 


wire, at distance r from the wire, is B = 


EXECUTE: (a) When B= Ho 
2ar 


, into the page. 


(b) d®, = BdA = A Ldr. 


mr 
b iL çe dr iL 
© =f do, = f, - a In(b/a). 


d®, WL di 
Dies -Hok ea 
eS ae a 


(©) £= HOSE T in(0.36010.120)9.60 Als) =5.06x107 V. 
m 


EVALUATE: The induced emf is proportional to the rate at which the current in the long straight wire is changing 
IDENTIFY: Apply Faraday’s law. 


SETUP: Let A be upward in Figure 29.28 in the textbook. 


i _|d®,| _ d 
EXECUTE: (a) /€,,, -| di -|¢ (B.A) 
Epal = Asin 60° Z = Asin 60° “(a4 D = (ar?)(sin 60°)(1.4 T)(0.057 se" 
Eal = (0.75 m)?’ (sin 60°)(1.4 T)(0.057 se = (0.12 V) eT, 


(b) E=} E, =5(0.12 V). 40.12 V) =(0.12 V) e d In(1/10) = -(0.057 st and t= 40.4 s. 
(© B isin the direction of A so ®, is positive. B is getting weaker, so the magnitude of the flux is decreasing 
and d®,/dt <0. Faraday’s law therefore says € >0. Since €>0, the induced current must flow 


counterclockwise as viewed from above. 

EVALUATE: The flux changes because the magnitude of the magnetic field is changing. 

IDENTIFY and SET Up: Use Faraday’s law to calculate the emf (magnitude and direction). The direction of the 

induced current is the same as the direction of the emf. The flux changes because the area of the loop is changing; 

relate dA/dt to dc/dt, where c is the circumference of the loop. 

(a) EXECUTE: c=2arandA=ar* so A=c’/42 

®©, = BA=(B/Ar)c? 

d®,| ( B y dc 
dt 2a) |dt 

At t =9.0 s, c =1.650 m - (9.0 s)(0.120 m/s) = 0.570 m 
|E| = (0.500 T)(1/27)(0.570 m)(0.120 m/s) = 5.44 mV 


(b) SETUP: The loop and magnetic field are sketched in Figure 29.9. 


el- 


Take into the page to be the 
positive direction for A. Then 
the magnetic flux is positive. 


Figure 29.9 
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29.12. 


29.13. 


29.14. 


29.15. 


29.16. 


29.17. 


EXECUTE: The positive flux is decreasing in magnitude; d®,/dt is negative and E is positive. By the right- 


hand rule, for A into the page, positive € is clockwise. 
EVALUATE: Even though the circumference is changing at a constant rate, dA/dt is not constant and lE | is not 


constant. Flux ® is decreasing so the flux of the induced current is ® and this means that Z is clockwise, which checks. 
IDENTIFY: A change in magnetic flux through a coil induces an emf in the coil. 
SETUP: The flux through a coil is P = NBA cos gand the induced emf is E = d®/dt. 
EXECUTE: (a) and (c) The magnetic flux is constant, so the induced emf is zero. 
(b) The area inside the field is changing. If we let x be the length (along the 30.0-cm side) in the field, then 
A = (0.400 m)x. Bg = BA = (0.400 m)x 
E = d®/dt = B d{(0.400 m)x]/dt = B(0.400 m)dx/dt = B(0.400 m)v 


E = (1.25 T)(0.400 m)(0.0200 m/s) = 0.0100 V 


EVALUATE: Itis not a large flux that induces an emf, but rather a large rate of change of the flux. The induced 
emf in part (b) is small enough to be ignored in many instances. 

IDENTIFY: A change in magnetic flux through a coil induces an emf in the coil. 

SETUP: The flux through a coil is P = NBA cos ø and the induced emf is E = dO/dt. 

EXECUTE: (a) €=d@/dt = d[A(By + bx)]/dt = bA dx/dt = bAv 

(b) clockwise 

(c) Same answers except the current is counterclockwise. 

EVALUATE: Even though the coil remains within the magnetic field, the flux through it increases because the 
strength of the field is increasing. 

IDENTIFY: Use the results of Example 29.5. 


SETUP: E =NBAa. E, = p æ = (440 rev/min) 
1 


2 radrey Noe aie, 
60 s/min 


EXECUTE: (a) E, = NBA@ =(150)(0.060 T)(0.025 m)?(46.1 rad/s) =0.814 V 


(b) €, =, =2(0.815 V)=0.519 V 
7. T 


EVALUATE: In E =NBAw, œ must be in rad/s. 


IDENTIFY: Apply the results of Example 29.5. 
SETUP: En =NBAo 

=2 
EXECUTE: @= E aa z =10.4 rad/s 
NBA _ (120)(0.0750 T)(0.016 m) 
EVALUATE: We may also express œ as 99.3 rev/min or 1.66 rev/s. 
IDENTIFY: A change in magnetic flux through a coil induces an emf in the coil. 
SETUP: The flux through a coil is P = NBA cos ¢and the induced emf is E =d®/dt. 
EXECUTE: The flux is constant in each case, so the induced emf is zero in all cases. 
EVALUATE: Even though the coil is moving within the magnetic field and has flux through it, this flux is not 
changing, so no emf is induced in the coil. 
IDENTIFY and SET UP: The field of the induced current is directed to oppose the change in flux. 
EXECUTE: (a) The field is into the page and is increasing so the flux is increasing. The field of the induced 
current is out of the page. To produce field out of the page the induced current is counterclockwise. 
(b) The field is into the page and is decreasing so the flux is decreasing. The field of the induced current is into the 
page. To produce field into the page the induced current is clockwise. 
(c) The field is constant so the flux is constant and there is no induced emf and no induced current. 
EVALUATE: The direction of the induced current depends on the direction of the external magnetic field and 
whether the flux due to this field is increasing or decreasing. 
IDENTIFY: By Lenz’s law, the induced current flows to oppose the flux change that caused it. 
SET Up and EXECUTE: The magnetic field is outward through the round coil and is decreasing, so the magnetic 
field due to the induced current must also point outward to oppose this decrease. Therefore the induced current is 
counterclockwise. 
EVALUATE: Careful! Lenz’s law does not say that the induced current flows to oppose the magnetic flux. Instead 
it says that the current flows to oppose the change in flux. 
IDENTIFY and SET Up: Apply Lenz's law, in the form that states that the flux of the induced current tends to 
oppose the change in flux. 
EXECUTE: (a) With the switch closed the magnetic field of coil A is to the right at the location of coil B. When 
the switch is opened the magnetic field of coil A goes away. Hence by Lenz's law the field of the current induced 
in coil B is to the right, to oppose the decrease in the flux in this direction. To produce magnetic field that is to the 
right the current in the circuit with coil B must flow through the resistor in the direction a to b. 
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29.19. 


29.20. 


29.21. 


(b) With the switch closed the magnetic field of coil A is to the right at the location of coil B. This field is stronger 
at points closer to coil A so when coil B is brought closer the flux through coil B increases. By Lenz's law the field 
of the induced current in coil B is to the left, to oppose the increase in flux to the right. To produce magnetic field 
that is to the left the current in the circuit with coil B must flow through the resistor in the direction b to a. 

(c) With the switch closed the magnetic field of coil A is to the right at the location of coil B. The current in the 
circuit that includes coil A increases when R is decreased and the magnetic field of coil A increases when the 
current through the coil increases. By Lenz's law the field of the induced current in coil B is to the left, to oppose 
the increase in flux to the right. To produce magnetic field that is to the left the current in the circuit with coil B 
must flow through the resistor in the direction b to a. 

EVALUATE: In parts (b) and (c) the change in the circuit causes the flux through circuit B to increase and in part 
(a) it causes the flux to decrease. Therefore, the direction of the induced current is the same in parts (b) and (c) and 
opposite in part (a). 

IDENTIFY: Apply Lenz’s law. 

SETUP: The field of the induced current is directed to oppose the change in flux in the primary circuit. 
EXECUTE: (a) The magnetic field in A is to the left and is increasing. The flux is increasing so the field due to the 
induced current in B is to the right. To produce magnetic field to the right, the induced current flows through R 
from right to left. 

(b) The magnetic field in A is to the right and is decreasing. The flux is decreasing so the field due to the induced 
current in B is to the right. To produce magnetic field to the right the induced current flows through R from right to 
left. 

(c) The magnetic field in A is to the right and is increasing. The flux is increasing so the field due to the induced 
current in B is to the left. To produce magnetic field to the left the induced current flows through R from left to right. 
EVALUATE: The direction of the induced current depends on the direction of the external magnetic field and 
whether the flux due to this field is increasing or decreasing. 

IDENTIFY and SET Up: Lenz's law requires that the flux of the induced current opposes the change in flux. 
EXECUTE: (a) ®, is © and increasing so the flux ®,,, of the induced current is © and the induced current is 


clockwise. 
(b) The current reaches a constant value so ®, is constant. d®,/dt=0 and there is no induced current. 
(c) ®, is © and decreasing, so ®,,, is © and current is counterclockwise. 
EVALUATE: Only a change in flux produces an induced current. The induced current is in one direction when the 
current in the outer ring is increasing and is in the opposite direction when that current is decreasing. 
IDENTIFY: Use the results of Example 29.6. Use the three approaches specified in the problem for determining 
the direction of the induced current. J = E/R. 
SETUP: Let A be directed into the figure, so a clockwise emf is positive. 
EXECUTE: (a) € =vB/ =(5.0 m/s)(0.750 T)(1.50 m) =5.6 V 
(b) (i) Let q be a positive charge in the moving bar, as shown in Figure 29.20a. The magnetic force on this charge is 
F = q0 x B, which points upward. This force pushes the current in a counterclockwise direction through the circuit. 
(ii) ©, is positive and is increasing in magnitude, so d®,/dt > 0. Then by Faraday’s law E <0 and the emf and 
induced current are counterclockwise. 
(iii) The flux through the circuit is increasing, so the induced current must cause a magnetic field out of the paper 
to oppose this increase. Hence this current must flow in a counterclockwise sense, as shown in Figure 29.20b. 

E 56V 


(c) E=RI. I 0.22 A. 
R 25Q 
EVALUATE: All three methods agree on the direction of the induced current. 
X X a 
lind 
+q — 7 
X X 
(a) (b) 


Figure 29.20 


IDENTIFY: A conductor moving in a magnetic field may have a potential difference induced across it, depending 
on how it is moving. 
SETUP: The induced emf is E = vBL sin ¢, where ¢ is the angle between the velocity and the magnetic field. 
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29.23. 


29.24. 


29.25. 


29.26. 


EXECUTE: (a) E = vBL sin $= (5.00 m/s)(0.450 T)(0.300 m)(sin 90°) = 0.675 V 

(b) The positive charges are moved to end b, so b is at the higher potential. 

(c) E = V/L = (0.675 V)/(0.300 m) = 2.25 V/m. The direction of E is from, b to a. 

(d) The positive charge are pushed to b, so b has an excess of positive charge. 

(e) (i) If the rod has no appreciable thickness, L = 0, so the emf is zero. (ii) The emf is zero because no magnetic 
force acts on the charges in the rod since it moves parallel to the magnetic field. 

EVALUATE: The motional emf is large enough to have noticeable effects in some cases. 

IDENTIFY: The moving bar has a motional emf induced across its ends, so it causes a current to flow. 

SETUP: The induced potential is € = vBL and Ohm’s law is € = IR. 

EXECUTE: (a) € = vBL= (5.0 m/s)(0.750 T)(1.50 m) = 5.6 V 

(b) J= E /R=(5.6 V)/(25 Q) = 0.23 A 

EVALUATE: Both the induced potential and the current are large enough to have noticeable effects. 

IDENTIFY: €=vBL 

SETUP: L=5.00x107 m. 1 mph = 0.4470 m/s. 

E | 1.50 V 

BL (0.650 T)(5.00x107 m) 
EVALUATE: This is a large speed and not practical. It is also difficult to produce a 5.00 cm wide region of 0.650 T 
magnetic field. 

IDENTIFY: €=vBL. 

SETUP: 1 mph =0.4470 m/s. 1G =10* T. 


0.4470 m/s 
1 mph 


EXECUTE: v= 


= 46.2 m/s =103 mph. 


EXECUTE: (a) € =(180 moh) Josoxio T)(1.5 m) = 6.0 mV. This is much too small to be 


noticeable. 


(b) € =(565 mph) (0.50x10~ T)(64.4 m) = 0.813 mV. This is too small to be noticeable. 


[eae mt) 
EVALUATE: Even though the speeds and values of L are large, the earth’s field is small and motional emfs due to 
the earth’s field are not important in these situations. 

IDENTIFY and SET UP: €&€=vBL. Use Lenz's law to determine the direction of the induced current. The force F, 


ext 


required to maintain constant speed is equal and opposite to the force F, that the magnetic field exerts on the rod 


because of the current in the rod. 
EXECUTE: (a) € =vBL =(7.50 m/s)(0.800 T)(0.500 m) = 3.00 V 


(b) Bis into the page. The flux increases as the bar moves to the right, so the magnetic field of the induced current 
is out of the page inside the circuit. To produce magnetic field in this direction the induced current must be 
counterclockwise, so from b to a in the rod. 


pe ek F, = ILBsin¢ = (2.00 A)(0.500 m)(0.800 T)sin90° = 0.800 N. F, is to the left. To 


R 1500 
keep the bar moving to the right at constant speed an external force with magnitude F, 


= 0.800 N and directed to 


xt 
the right must be applied to the bar. 
(d) The rate at which work is done by the force F is F 


ext ext 


v = (0.800 N)(7.50 m/s) = 6.00 W. The rate at which 
thermal energy is developed in the circuit is Z?R =(2.00 A)(1.50 Q) = 6.00 W. These two rates are equal, as is 


required by conservation of energy. 

EVALUATE: The force on the rod due to the induced current is directed to oppose the motion of the rod. This 
agrees with Lenz’s law. 

IDENTIFY: Use Faraday’s law to calculate the induced emf. Ohm’s law applied to the loop gives J. Use 
Eq.(27.19) to calculate the force exerted on each side of the loop. 

SETUP: The loop before it starts to enter the magnetic field region is sketched in Figure 29.26a. 


2L 
L xBx x EXECUTE: For x<-3L/2 or x >3L/2 
poe es the loop is aca Na the field 
x x xX region. ®, =0, and as =0. 


— h| 


Figure 29.26a 


Thus € =0 and 7 = 0, so there is no force from the magnetic field and the external force F necessary to maintain 
constant velocity is zero. 
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SETUP: The loop when it is completely inside the field region is sketched in Figure 29.26b. 


EXECUTE: For —L/2<x<L/2 
the loop is completely inside the 
field region and ©, = BL’. 


Figure 29.26b 


But ws 0 so € =0 and/ =0. There is no force F = II x B from the magnetic field and the external force F 
t 


necessary to maintain constant velocity is zero. 
SETUP: The loop as it enters the magnetic field region is sketched in Figure 29.26c. 


EXECUTE: For —3L/2 < x< -L/2 
the loop is entering the field region. 
Let x' be the length of the loop 
that is within the field. 


Figure 29.26c 


d®, 


Then '®,| = BLx' and an 
dt 


= Blv. The magnitude of the induced emf is |€| - a 


B 


= BLy and the induced 


; BL oe = s . : ai 
current is J = lel = ak, Direction of J: Let A be directed into the plane of the figure. Then ©, is positive. The 
R R p g g IS pi 


—_— 3s 


flux is positive and increasing in magnitude, so is positive. Then by Faraday’s law € is negative, and with 


our choice for direction of A a negative E is counterclockwise. The current induced in the loop is 
counterclockwise. 

SETUP: The induced current and magnetic force on the loop are shown in Figure 29.26d, for the situation where 
the loop is entering the field. 


EXECUTE: F, = xB gives that the 


force F, exerted on the loop by the 
| F, magnetic field is to the left and has 
; BL 
magnitude F, = JLB = (=) E X 


Figure 29.26d 


The external force F needed to move the loop at constant speed is equal in magnitude and opposite in direction to 
F, so is to the right and has this same magnitude. 
SETUP: The loop as it leaves the magnetic field region is sketched in Figure 29.26e. 


EXECUTE: For L/2<x<3L/2 
the loop is leaving the field 
region. Let x’ be the length of 
the loop that is outside the field. 


Figure 29.26e 


= BLy. The magnitude of the induced emf is |E| = | 


Then '®,| = BL(L—-x’) and 


K P, = BLy and the induced 


E : 3 = 7 ? . Xe 
current is J = el = By Direction of J: Again let A be directed into the plane of the figure. Then ®, is positive 
R R g p g gB ISP 


SER, 


and decreasing in magnitude, so is negative. Then by Faraday’s law E is positive, and with our choice for 


direction of A a positive £ is clockwise. The current induced in the loop is clockwise. 


Electromagnetic Induction 29-7 


29.27. 


29.28. 


SETUP: The induced current and magnetic force on the loop are shown in Figure 29.26f, for the situation where 
the loop is leaving the field. 


EXECUTE: F, =Ï x B gives that the 
force F, exerted on the loop by the 
magnetic field is to the left and has 


BL Bile 
magnitude F, = ILB (2) = R 5 


Figure 29.26f 


The external force F needed to move the loop at constant speed is equal in magnitude and opposite in direction to 
F, so is to the right and has this same magnitude. 


(a) The graph of F versus x is given in Figure 29.26g. 
F 


Figure 29.26g 
(b) The graph of the induced current J versus x is given in Figure 29.26h. 


Figure 29.26h 


EVALUATE: When the loop is either totally outside or totally inside the magnetic field region the flux isn’t 
changing, there is no induced current, and no external force is needed for the loop to maintain constant speed. 
When the loop is entering the field the external force required is directed so as to pull the loop in and when the 
loop is leaving the field the external force required is directed so as to pull the loop out of the field. These 
directions agree with Lenz’s law: the force on the induced current (opposite in direction to the required external 
force) is directed so as to oppose the loop entering or leaving the field. 

IDENTIFY: A bar moving in a magnetic field has an emf induced across its ends. 

SETUP: The induced potential is € = vBL sin ¢. 

EXECUTE: Note that ø= 90° in all these cases because the bar moved perpendicular to the magnetic field. But the 
effective length of the bar, L sin 0, is different in each case. 

(a) E = vBL sin 0= (2.50 m/s)(1.20 T)(1.41 m) sin (37.0°) = 2.55 V, with a at the higher potential because positive 
charges are pushed toward that end. 

(b) Same as (a) except 0= 53.0°, giving 3.38 V, with a at the higher potential. 

(c) Zero, since the velocity is parallel to the magnetic field. 

(d) The bar must move perpendicular to its length, for which the emf is 4.23 V. For V, > Va, it must move upward 
and to the left (toward the second quadrant) perpendicular to its length. 

EVALUATE: The orientation of the bar affects the potential induced across its ends. 

IDENTIFY: Use Eq.(29.10) to calculate the induced electric field E at a distance r from the center of the solenoid. 
Away from the ends of the solenoid, B = nI inside and B = 0 outside. 


(a) SETUP: The end view of the solenoid is sketched in Figure 29.28. 


Let R be the radius of the solenoid. 


Figure 29.28 


=~ p . ; . : ; ; 
Apply QE -dl =- aes to an integration path that is a circle of radius r, where r < R. We need to calculate just the 
pply 8 p 
dt 


magnitude of E so we can take absolute values. 
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EXECUTE: fË -dl|= E(2ar) 


®, =Bar’, d9, =ar? ae 
dt dt 
$ë -dl| = -22 implies E(2ar) = zr’ A 
t 
pai 2 
dt 


dB dI 
B = unl, so — = yn — 
us a ae 


Thus £ = srun = 1 (0.00500 m)(47 x107 T -m/A)(900 m™)(60.0 A/s) =1.70x10* V/m 
(b) r = 0.0100 cm is still inside the solenoid so the expression in part (a) applies. 


E= srun” =+(0.0100 m)(4z x107” T-m/A)(900 m™)(60.0 A/s) =3.39x10% V/m 
t 
EVALUATE: Inside the solenoid Æ is proportional to r, so E doubles when r doubles. 
29.29. IDENTIFY: Apply Eqs.(29.9) and (29.10). 
SETUP: Evaluate the integral if Eq.(29.10) for a path which is a circle of radius r and concentric with the 
solenoid. The magnetic field of the solenoid is confined to the region inside the solenoid, so B(r)=0 for r>R 


EXECUTE: (a) IDe yee ar? A 
dt dt dt 
1 d®, zr? dB r dB 


2ar dt 2ar dt 2 dt 


(b) E= . The direction of E is shown in Figure 29.29a. 


1 d®, zR dB RdB 
2ar, dt 2ar, dt 2r, dt 


(c) All the flux is within r < R, so outside the solenoid E = 


(d) The graph is sketched in Figure 29.29b. 


2 
OGäirr-R e ppp = 2B 
dt dt 4 dt 
(At r=R, E= pe 
dt dt 
(APA R A E ee. 
dt dt 


EVALUATE: The emf is independent of the distance from the center of the cylinder at all points outside it. Even 
though the magnetic field is zero for r > R, the induced electric field is nonzero outside the solenoid and a nonzero 


emf is induced in a circular turn that has r > R. 


E 
I 
B 
aB i 
dt R 2R 
(a) 


(b) 
Figure 29.29 


29.30. IDENTIFY: Use Eq.(29.10) to calculate the induced electric field £ and use this £ in Eq.(29.9) to calculate € 
between two points. 
(a) SET UP: Because of the axial symmetry and the absence of any electric charge, the field lines are concentric 
circles. 
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29.33. 


(b) See Figure 29.30. 


E 3 
a= E is tangent to the ring. The direction 


of E (clockwise or counterclockwise) 


is the direction in which current will 
E ery be induced in the ring. 
Figure 29.30 


EXECUTE: Use the sign convention for Faraday’s law to deduce this direction. Let A be into the paper. Then 


B B 


®, is positive. B decreasing then means 


: é d® : va 
is negative, so by € =— PE E is positive and therefore 


clockwise. Thus E is clockwise around the ring. To calculate E apply fË -dl = re to a circular path that 


coincides with the ring. 
QË -di = EQzr) 


©, = Bar’; dD, = 2|dB 
dt 
E(2ar) = ar = and E =r a =+(0.100 m)(0.0350 T/s) =1.75x10° V/m 
dt 


(c) The induced emf has magnitude € = fË -dl = E(27r) =(1.75x10° V/m)\(27)(0.100 m) =1.100x10° V. Then 


-3 
E R NR T N 
R 402 


(d) Points a and b are separated by a distance around the ring of zr so 

E = E(ar) =(1.75x10° V/m)(7r)(0.100 m) =5.50x10* V 

(e) The ends are separated by a distance around the ring of 2zr so € =1.10x10° V as calculated in part (c). 
EVALUATE: The induced emf, calculated from Faraday’s law and used to calculate the induced current, is 
associated with the induced electric field integrated around the total circumference of the ring. 

IDENTIFY: Apply Eq.(29.1) with ®, = 4niA . 


SETUP: A=ar’, where r=0.0110 m . In Eq.(29.11), r =0.0350 m. 


p i 
EXECUTE: lel = dP, z f (BA) = A cunis) = {nA a and |El =E(2ar). Therefore, ae aa 
dt | |dt dt ar Pit 
r 6 
E EI OE ois 
dt} (400 m™)z(0.0110 m) 


EVALUATE: Outside the solenoid the induced electric field decreases with increasing distance from the axis of 
the solenoid. 
IDENTIFY: A changing magnetic flux through a coil induces an emf in that coil, which means that an electric 
field is induced in the material of the coil. 

. : ! _ tapy d® 
SETUP: According to Faraday’s law, the induced electric field obeys the equation pé -dl = Oe. 

t 

EXECUTE: (a) For the magnitude of the induced electric field, Faraday’s law gives 


E2nr = d(Bnr’)/dt = nr’ dB/dt 


E=- r dB _ 0.0225 m 
2 dt 2 


(b) The field points toward the south pole of the magnet and is decreasing, so the induced current is 

counterclockwise. 

EVALUATE: This is a very small electric field compared to most others found in laboratory equipment. 

A®, 
At 


(0.250 T/s) = 2.81x10° V/m 


=N 


IDENTIFY: Apply Faraday’s law in the form 


E, v 


SETUP: The magnetic field of a large straight solenoid is B = 4ọnI inside the solenoid and zero outside. 


®, = BA, where A is 8.00 cm’ , the cross-sectional area of the long straight solenoid. 
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av At At i 
42 -1 
g — Ho(l2)(8.00x10 *m*)(9000 m”')(0.350 A) _ 9 soy 19-4 V. 


29.34. 


29.35. 


29.36. 


29.37. 


X 0.0400 s 


EVALUATE: An emf is induced in the second winding even though the magnetic field of the solenoid is zero at 
the location of the second winding. The changing magnetic field induces an electric field outside the solenoid and 
that induced electric field produces the emf. 

IDENTIFY: Apply Eq.(29.14). 

SETUP: €=3.5x10" F/m 


d®, 


EXECUTE: i, =€ =(3.5x107! F/m)(24.0x10° V-m/s*)t?. i, =21x10° A gives t=5.0s. 


EVALUATE: i, depends on the rate at which ®, is changing. 
IDENTIFY: Apply Eq.(29.14), where e= Ke). 


SETUP: d®,/dt=4(8.76x10° V-m/s*)r. & =8.854x10-" F/m. 


ip 12.9x10 A 


= ; 5 =< =2.07x10""' F/m. The dielectric constant is 
(d®,/dt)  4(8.76x10° V-mis*)(26.1x10" s) 


EXECUTE: €= 


K =£=2334., 


& 
EVALUATE: The larger the dielectric constant, the larger is the displacement current for a given d® ,/dt. 
IDENTIFY and SET Up: Eqs.(29.13) and (29.14) show that i. =i, and also relate i, to the rate of change of the 
electric field flux between the plates. Use this to calculate dE /dt and apply the generalized form of Ampere’s law 
(Eq.29.15) to calculate B. 


=55.7 A/m? 


(a) EXECUTE: i. =i,, soj = ib ig 0.280A 0.280 A 
. C7 "D? Jp ES 2 g 3 
A A ar z (0.0400 m) 
dE dE jp 55.7 A/m? 


b) j = so —=2 -= =6.29x10" V/m-s 
0) Jn 6 a < 8854x10 CN 


(c) SET Up: Apply Ampere’s law B -di = Ih (ic +ib) (Eq.(28.20)) to a circular path with radius r = 0.0200 m. 


An end view of the solenoid is given in Figure 29.36. 


By symmetry the magnetic 
field is tangent to the path 
and constant around it. 


Figure 29.36 


EXECUTE: Thus PB -dÏ = Bal = Bf dl = B(2z°). 

i, =0 (no conduction current flows through the air space between the plates) 

The displacement current enclosed by the pathis j,zr’. 

Thus B(2zr) = (jar?) and B=4 yj yr =4(42 «10 T-m/A)(55.7 A/m’*)(0.0200 m) = 7.00x107 T 
(d) B=4y,jpr. Now r is + the value in (c), so B is + also: B=4(7.00x107 T) =3.50x107 T 


EVALUATE: The definition of displacement current allows the current to be continuous at the capacitor. The 
magnetic field between the plates is zero on the axis (r = 0) and increases as r increases. 


F ‘A E 
IDENTIFY: g=CV .For a parallel-plate capacitor, C = i where e= Kẹ. i, =dq/dt. jp = ea 
t 


SETUP: E=q/eA so dE/dt =i,/eA. 


(4.70), (3.00 x10% m*)(120 V) 


- =5.99x10™" C. 
2.50x10° m 


EXECUTE: (a) g=CV -(4)v = 
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29.38. 


29.39. 


29.40. 


dq_. 3 
b) =i, =6.00 x10” A. 
b) de © 
(c) joze = Kae =" = je, 80 by =i = 6.0010" A. 
€ 


EVALUATE: i =i,, SO Kirchhoff s junction rule is satisfied where the wire connects to each capacitor plate. 
IDENTIFY and SET UP: Use i, =q/t to calculate the charge q that the current has carried to the plates in time t. 


The two equations preceeding Eq.(24.2) relate q to the electric field E and the potential difference between the 
plates. The displacement current density is defined by Eq.(29.16). 


EXECUTE: (a) i, =1.80x10° A 
q=0atr=0 
The amount of charge brought to the plates by the charging current in time ¢ is 
q =ict = (1.80x107 A)(0.500 x10 s) =9.00x10 C 
po a 9.00x10™ C 
& 64 (8.854x10 C?/N-m?)(5.00x10* m?) 

V = Ed =(2.03x10° V/m)(2.00x10° m) =406 V 
(b) E=q/e,A 

dE dq/dt_ ig | 1.80x10° A 

dt 6A 6A (8.854x10? C?/N-m?)(5.00x10* m?) 


Since i, is constant dE/dt does not vary in time. 


=2.03x10° V/m 


=4.07x10'' V/m-s 


(©) jp =& Z (Eq.(29.16)), with e replaced by «, since there is vacuum between the plates.) 


ja = (8.854107 C?/N -m?)(4.07 x10"! V/m-s) =3.60 A/m? 
ip = jy A = (3.60 A/m°)(5.00x10* m?) =1.80x10° A; i, =i 
EVALUATE: i =i,. The constant conduction current means the charge q on the plates and the electric field 


between them both increase linearly with time and ip is constant. 


IDENTIFY: Ohm’s law relates the current in the wire to the electric field in the wire. jp = Z Use Eq.(29.15) to 
t 


calculate the magnetic fields. 
SETUP: Ohm’s law says E = pJ. Apply Ohm’s law to a circular path of radius r. 
iam wpe pI _(2.0x10° Samus A) 
A 2.1x10° m 
dE_d(pl\_pdI_2.0x10*°Q-m 

dt Al A J- Adt 21x10% m? 


=0.15 V/m. 


(b) (4000 A/s) =38 V/m-s. 


(OE T = (38 V/m-s)=3.4x10" A/m’. 


d) i, = jp>4=(3.4x10-° A/m’)(2.1x10% m’) =7.14x10™ A. Eq.(29.15) applied to a circular path of radius r 
D © Jp q pp 


Moly _ 4(7.14x10™ A) 

2ar 27(0.060 m) 

_ Male _ im (16 A) 
2ar 2m (0.060 m) 


EVALUATE: In this situation the displacement current is much less than the conduction current. 
IDENTIFY: Apply Ampere's law to a circular path of radius r < R, where R is the radius of the wire. 
SETUP: The path is shown in Figure 29.40. 


ives B) = =2.38x10™' T, and this is a negligible contribution. 
8 D sug 


=5.33x10° T. 


C 


§B-dl = m(t te 908 | 


Figure 29.40 
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29.42. 


29.43. 


29.44. 


EXECUTE: There is no displacement current, so B -di = wl 
The magnetic field inside the superconducting material is zero, so fË -dl =0. But then Ampere’s law says that 


I, =0; there can be no conduction current through the path. This same argument applies to any circular path with 


r < R, so all the current must be at the surface of the wire. 
EVALUATE: Ifthe current were uniformly spread over the wire’s cross section, the magnetic field would be like 
that calculated in Example 28.9. 
IDENTIFY: A superconducting region has zero resistance. 
SET Up: Ifthe superconducting and normal regions each lie along the length of the cylinder, they provide parallel 
conducting paths. 
EXECUTE: Unless some of the regions with resistance completely fill a cross-sectional area of a long type-II 
superconducting wire, there will still be no total resistance. The regions of no resistance provide the path for the 
current. 
EVALUATE: The situation here is like two resistors in parallel, where one has zero resistance and the other is non- 
zero. The equivalent resistance is zero. 
IDENTIFY: Apply Eq.(28.29): B = B, + 4M. 
SETUP: For magnetic fields less than the critical field, there is no internal magnetic field. For fields greater than 
the critical field, B is very nearly equal to B,. 
EXECUTE: (a) The external field is less than the critical field, so inside the superconductor B=0 and 
M= Bi UBUD (1.03x10° A/m)i. Outside the superconductor, B =B, =(0.130 T)i and M=0. 

Mo Mo 
(b) The field is greater than the critical field and B= B, = (0.260 Ti , both inside and outside the superconductor. 
EVALUATE: Below the critical field the external field is expelled from the superconducting material. 
IDENTIFY: Apply B = B, + 4M. 


SETUP: When the magnetic flux is expelled from the material the magnetic field B in the material is zero. 
When the material is completely normal, the magnetization is close to zero. 
EXECUTE: (a) When B, is just under B,, (threshold of superconducting phase), the magnetic field in the 
: pee 
material must be zero, and M = Bats, (OOM 2 (4.38x10* A/m)i. 
Mo Ho 


(b) When B, is just over B, (threshold of normal phase), there is zero magnetization, and B =B, =(15.0 Ti ; 


EVALUATE: Between B „and B, there are filaments of normal phase material and there is magnetic field along 
these filaments. 
IDENTIFY and SET Up: Use Faraday’s law to calculate the magnitude of the induced emf and Lenz’s law to 
determine its direction. Apply Ohm’s law to calculate 7. Use Eq.(25.10) to calculate the resistance of the coil. 
(a) EXECUTE: The angle ø between the normal to the coil and the direction of B is 30.0°. 

d® 
|E|= PaE (Nar’)(dB/dt) and I =|E|/R. 


For £ < 0 and t> 1.00 s, dB/dt=0|E|=0 and 7 =0. 

For 0<¢<1.00 s, dB/dt = (0.120 T) z sin zt 

|E|=(Nzr°)z(0.120 T)sin zt = (0.9475 V)sin zt 
_PL_ PL, 


R for wire: R, ===; p =1.72x10* Q-m,r =0.0150x10° m 
A mr 


L = Nc = N2ar =(500)(27)(0.0400 m) =125.7 m 
R, =3058 Q and the total resistance of the circuit is R = 3058 Q +600 Q =3658 Q 
I= |E|/R = (0.259 mA)sin zt. The graph of 7 versus ¢ is sketched in Figure 29.44a. 

I 


0.259 mA 


0.5s 1.0 s 
Figure 29.44a 
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29.45. 


29.46. 


29.47. 


(b) The coil and the magnetic field are shown in Figure 29.44b. 


B increasing so ®, is © 
and increasing. ©, is @ 
so Z is clockwise 


Figure 29.44b 


EVALUATE: The long length of small diameter wire used to make the coil has a rather large resistance, larger 
than the resistance of the 600-Q resistor connected to it in the circuit. The flux has a cosine time dependence so the 
rate of change of flux and the current have a sine time dependence. There is no induced current for t < 0 or t> 1.00 s. 
IDENTIFY: Apply Faraday’s law and Lenz’s law. 


SETUP: Fora discharging RC circuit, i(t) = sewn 


, where JV, is the initial voltage across the capacitor. The 
resistance of the small loop is (25)(0.600 m)(1.0 Q/m) =15.0 Q. 

EXECUTE: (a) The large circuit is an RC circuit with a time constant of r= RC =(10 Q)(20x10° F) = 200 us. Thus, 
the current as a function of time is i = (ad 00 V)/(10 Q)) e148 At t =200 us, we obtain i = (10 A)(e') =3.7 A. 


(b) Assuming that only the long wire nearest the small loop produces an appreciable magnetic flux through the 


small loop and referring to the solution of Exercise 29.7 we obtain ©, = Í a east dr = ea in 2) Therefore, 
¢ zr m c 


the emf induced in the small loop at t=200usis E= 2 sat in a 


-7 Wt 2 
E= co eee) In. a a )- +0.81 mV. Thus, the induced current in the small 
2m 200 x10°°s 
«or _ E€ _ 0.81 mV _ 
loop is i =R- 1500 544A. 


(c) The magnetic field from the large loop is directed out of the page within the small loop.The induced current 
will act to oppose the decrease in flux from the large loop. Thus, the induced current flows counterclockwise. 
EVALUATE: (d) Three of the wires in the large loop are too far away to make a significant contribution to the 
flux in the small loop—as can be seen by comparing the distance c to the dimensions of the large loop. 
IDENTIFY: A changing magnetic field causes a changing flux through a coil and therefore induces an emf in the 
coil. 


SET Up: Faraday’s law says that the induced emf is £ =— a9, 


and the magnetic flux through a coil is defined 


as ®, = BAcosġ. 
EXECUTE: In this case, ®, = BA, where A is constant. So the emf is proportional to the negative slope of the 


magnetic field. The result is shown in Figure 29.46. 
EVALUATE: Itis the rate at which the magnetic field is changing, not the field’s magnitude, that determines the 
induced emf. When the field is constant, even though it may have a large value, the induced emf is zero. 


Figure 29.46 


IDENTIFY: Follow the steps specified in the problem. 
SET Up: Let the flux through the loop due to the current be positive. 


EXECUTE: (a) ®,=BA= Ho gq? = HAO 
2a 2 


29-14 Chapter 29 


(b) £= d®, =iR=> d (a) Myra di -iR di _ . 2R 
dt dt\ 2 2 dt dt Lora 
(c) Solving 2 = Ey ai for i(t) yields i(t) = ie” 09, 
i Mya 


(d) We want i(t) =i,(0.010) =ie"°"”™”, so In(0.010) =-4(2R/u,7a) and 


t= -72 In(0.010) AO 70.010) = 455x107 8: 


2(0.10 Q) 
EVALUATE: (e) We can ignore the self-induced currents because it takes only a very short time for them to die 
out. 
29.48. IDENTIFY: A changing magnetic field causes a changing flux through a coil and therefore induces an emf in the 
coil. 


®, 


SET Up: Faraday’s law says that the induced emf is € =— £ and the magnetic flux through a coil is defined 


as ®, = BAcosġ. 
EXECUTE: In this case, ©, = BA, where A is constant. So the emf is proportional to the negative slope of the 


magnetic field. The result is shown in Figure 29.48. 
EVALUATE: Itis the rate at which the magnetic field is changing, not the field’s magnitude, that determines the 
induced emf. When the field is constant, even though it may have a large value, the induced emf is zero. 


B 
t4 


Figure 29.48 


29.49. (a) IDENTIFY: (i) |E| = . The flux is changing because the magnitude of the magnetic field of the wire decreases 


d®, 
dt 


with distance from the wire. Find the flux through a narrow strip of area and integrate over the loop to find the total flux. 
SET UP: 
i 


Consider a narrow strip of width dx and a 
distance x from the long wire, as shown in 

b Figure 29.49a. The magnetic field of the wire 
at the strip is B = 441/27x. The flux through 


the strip is dD, = Bb dx = (4, 1b/277)(dx/x) 


Figure 29.49a 


f r+a dX 


EXECUTE: The total flux through the loop is ®, = [ao ‘ -( 


ope 
20 r 


db, d®, al a } 
r(r+a) 


ge) 


2a )*r x 


dt dt dt 2 r+a 
Llabv 
€|=— 
| | 2ar(r +a) 


(ii) IDENTIFY: E= Bvl for a bar of length / moving at speed v perpendicular to a magnetic field B. Calculate the 
induced emf in each side of the loop, and combine the emfs according to their polarity. 
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SETUP: The four segments of the loop are shown in Figure 29.49b. 


EXECUTE: The emf in each side 


of the loop is €, = Gar 
ar 


Fen a eee 
2ar(rt+a) 


rt+a 


Figure 29.49b 


Both emfs £, and E, are directed toward the top of the loop so oppose each other. The net emf is 
Ivb(1 1 I 
E-E e, =t )- Mlabv 
2a \r r+a 2ar(r +a) 


This expression agrees with what was obtained in (i) using Faraday’s law. 
(b) (i) IDENTIFY and SET Up: The flux of the induced current opposes the change in flux. 


EXECUTE: Bis ®.@®, is ® and decreasing, so the flux ®,,, of the induced current is ® and the current is 
clockwise. 

(ii) IDENTIFY and SET UP: Use the right-hand rule to find the force on the positive charges in each side of the 
loop. The forces on positive charges in segments | and 2 of the loop are shown in Figure 29.49c. 


segment | segment 2 
\ \ 
® |O} ® |O} 

B B 


Figure 29.49c 


EXECUTE: B is larger at segment | since it is closer to the long wire, so F, is larger in segment | and the 
induced current in the loop is clockwise. This agrees with the direction deduced in (i) using Lenz’s law. 

(c) EVALUATE: When v= 0 the induced emf should be zero; the expression in part (a) gives this. When a > 0 
the flux goes to zero and the emf should approach zero; the expression in part (a) gives this. When r > œ the 
magnetic field through the loop goes to zero and the emf should go to zero; the expression in part (a) gives this. 
IDENTIFY: Apply Faraday’s law. 

SETUP: For rotation about the y-axis the situation is the same as in Examples 29.4 and 29.5 and we can apply the 
results from those examples. 

EXECUTE: (a) Rotating about the y-axis: the flux is given by ®, = BAcos@ and 

d®, 


max 


= wBA =(35.0 rad/s)(0.450 T)(6.00x107 m) = 0.945 V. 


(b) Rotating about the x-axis: Sh =Oand €=0. 
t 


(c) Rotating about the z-axis: the flux is given by ®, = BAcos@ and 


d®, 


Emax =| | = @BA = (35.0 rad/s)(0.450 T)(6.00x107 m) = 0.945 V. 


max 


EVALUATE: The maximum emf is the same if the loop is rotated about an edge parallel to the z-axis as it is when 
it is rotated about the z-axis. 

IDENTIFY: Apply the results of Example 29.4, so E ax = N@BA for N loops. 

SETUP: For the minimum ø, let the rotating loop have an area equal to the area of the uniform magnetic field, 
so A= (0.100 m)’. 

EXECUTE: N=400, B=1.5T, A=(0.100m)’ and E =120 V gives 
o=€,,,/NBA = (20 rad/s)(1 rev/2 rad)(60 s/1 min) = 190 rpm. 


EVALUATE: In Ex =@BA, Ææ is in rad/s. 
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29.53. 


29.54. 


29.55. 


IDENTIFY: Apply the results of Example 29.4, generalized to N loops: Enx =N@BA. v=ra. 


SET Up: In the expression for €, 


max ? 


æ must be in rad/s. 30 rpm =3.14 rad/s 


EXECUTE: (a) Solving for A we obtain A= Tan Aa -—=18 m’ 
@NB_ (3.14 rad/s)(2000 turns)(8.0 x10” T) 
(b) Assuming a point on the coil at maximum distance from the axis of rotation we have 


A 18 m? 
v=ro=,|—o= oa (3.14 rad/s) = 7.5 m/s. 
T 


T 


EVALUATE: The device is not very feasible. The coil would need a rigid frame and the effects of air resistance 
would be appreciable. 


IDENTIFY: Apply Faraday’s law in the form E, =-N a to calculate the average emf. Apply Lenz’s law to 
t 


calculate the direction of the induced current. 
SETUP: ©, = BA. The flux changes because the area of the loop changes. 


2 2 
A®, B AA pu (0.950 T) z(0.0650/2 m) 
At At At 0.250 s 


(b) Since the magnetic field is directed into the page and the magnitude of the flux through the loop is decreasing, 
the induced current must produce a field that goes into the page. Therefore the current flows from point a through 
the resistor to point b. 


= 0.0126 V. 


EXECUTE: (a) E, | 


EVALUATE: Faraday’s law can be used to find the direction of the induced current. Let A be into the page. Then 
®, is positive and decreasing in magnitude, so d®,/dt <0. Therefore € >0 and the induced current is clockwise 
around the loop. 

IDENTIFY: By Lenz’s law, the induced current flows to oppose the flux change that caused it. 

SET Up: When the switch is suddenly closed with an uncharged capacitor, the current in the outer circuit 
immediately increases from zero to its maximum value. As the capacitor gets charged, the current in the outer 
circuit gradually decreases to zero. 

EXECUTE: (a) (i) The current in the outer circuit is suddenly increasing and is in a counterclockwise direction. 
The magnetic field through the inner circuit is out of the paper and increasing. The magnetic flux through the inner 
circuit is increasing, so the induced current in the inner circuit is clockwise (a to b) to oppose the flux increase. (ii) 
The current in the outer circuit is still counterclockwise but is now decreasing, so the magnetic field through the 
inner circuit is out of the page but decreasing. The flux through the inner circuit is now decreasing, so the induced 
current is counterclockwise (b to a) to oppose the flux decrease. 

(b) The graph is sketched in Figure 29.54. 

EVALUATE: Even though the current in the outer circuit does not change direction, the current in the inner circuit 
does as the flux through it changes from increasing to decreasing. 


l 


Figure 29.54 


IDENTIFY: Use Faraday’s law to calculate the induced emf and Ohm’s law to find the induced current. Use 
Eq.(27.19) to calculate the magnetic force F, on the induced current. Use the net force F — F, in Newton’s 2nd 


law to calculate the acceleration of the rod and use that to describe its motion. 
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(a) SETUP: The forces in the rod are shown in Figure 29.55a. 


d® 
EXECUTE: |E] - 2| = Bly 
dt 
I= BLv 
R 


Figure 29.55a 


Use E= os to find the direction of J: Let A be into the page. Then ®, >0. The area of the circuit is 
t 


: : d® : ENRE: =- ; 
increasing, so Fa >0. Then € <0 and with our direction for A this means that € and / are counterclockwise, 
t 


as shown in the sketch. The force F, on the rod due to the induced current is given by F, = II x B. This gives F, 
to the left with magnitude F, = ILB =(BLv/R)LB = B’L’v/R. Note that F, is directed to oppose the motion of the 
rod, as required by Lenz’s law. 

EVALUATE: The net force on the rod is F — F,, so its acceleration is a = (F —F,)/m=(F —B’L’v/R)/m. The 
rod starts with v = 0 and a = F/m. As the speed v increases the acceleration a decreases. When a = 0 the rod has 
reached its terminal speed v,. The graph of v versus ¢ is sketched in Figure 29.55b. 


y 


a=0 
(Recall that a is the slope of the 
tangent to the v versus ¢ curve.) 
a= F|m 
t 
Figure 29.55b 
F-B'Lv /R RF 
(b) EXECUTE: v=v, when a =0 so Wide. 0 and v, =—,,. 
m BL 


EVALUATE: A large F produces a large v,. If B is larger, or R is smaller, the induced current is larger at a given v 


so F, is larger and the terminal speed is less. 

IDENTIFY: Apply Newton’s 2™ law to the bar. The bar will experience a magnetic force due to the induced 
current in the loop. Use a = dv/dt to solve for v. At the terminal speed, a =0. 

SETUP: The induced emf in the loop has a magnitude BLv . The induced emf is counterclockwise, so it opposes 
the voltage of the battery, E. 


EXECUTE: (a) The net current in the loop is J = ae The acceleration of the bar is 
pete ILB sin(90°) _ (E — BLv)LB _ (E-BLv)LB 
m m j m mR 

of separation of variables: 


and solve for v using the method 


. To find v(t), set a =a 


(= fat oy = Ze 0m = 1.0 me) 
°(E€-BLv) “mR BL 


The graph of v versus ¢ is sketched in Figure 29.56. Note that the graph of this function is similar in appearance to 

that of a charging capacitor. 

(b) Just after the switch is closed, v =0and J/=€/R=2.4 A, F =ILB=2.88N and a = F/m =3.2 mis’. 

_ [12 V—(1.5 T)(0.8 m)(2.0 m/s)](0.8 m)(1.5 T) 
(0.90 kg)(5.0 Q) 


(d) Note that as the speed increases, the acceleration decreases. The speed will asymptotically approach the 


Si 
BL (15T)(0.8m) 


(c) When v=2.0 m/s, a =2.6 m/s’. 


terminal speed =10 m/s, which makes the acceleration zero. 
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29.59. 


EVALUATE: The current in the circuit is counterclockwise and the magnetic force on the bar is to the right. The 
energy that appears as kinetic energy of the moving bar is supplied by the battery. 


Y 


Figure 29.56 


IDENTIFY: Apply € = BvL. Use X F = mä applied to the satellite motion to find the speed v of the satellite. 
pply pp p 


mm, 
2 
r 


SET Up: The gravitational force on the satellite is F, = G , where m is the mass of the satellite and r is the 


radius of its orbit. 
2 


EXECUTE: B=8.0x10° T, L=2.0m. GE =m? and r=400x10° m+ R, gives v= ,| C= =7.665%10° m/s. 
r r r 


Using this v in E = vBL gives € =(8.0x10~ T)(7.665x10° m/s)(2.0 m) =1.2 V. 


EVALUATE: The induced emf is large enough to be measured easily. 

IDENTIFY: The induced emf is € = BvL, where L is measured in a direction that is perpendicular to both the 
magnetic field and the velocity of the bar. 

SET Up: The magnetic force pushed positive charge toward the high potential end of the bullet. 

EXECUTE: (a) E= BLv=(8x10~ T)(0.004 m)(300 m/s) = 96 4V. Since a positive charge moving to the east 


would be deflected upward, the top of the bullet will be at a higher potential. 

(b) For a bullet that travels south, ¥ and B are along the same line, there is no magnetic force and the induced emf 
is Zero. 

(c) If ¥ is horizontal, the magnetic force on positive charges in the bullet is either upward or downward, 
perpendicular to the line between the front and back of the bullet. There is no emf induced between the front and 
back of the bullet. 

EVALUATE: Since the velocity of a bullet is always in the direction from the back to the front of the bullet, and 
since the magnetic force is perpendicular to the velocity, there is never an induced emf between the front and back 
of the bullet, no matter what the direction of the magnetic field is. 

IDENTIFY: Find the magnetic field at a distance r from the center of the wire. Divide the rectangle into narrow 
strips of width dr, find the flux through each strip and integrate to find the total flux. 

SET Up: Example 28.8 uses Ampere’s law to show that the magnetic field inside the wire, a distance r from the 
axis, is B(r) = ply Ir/27 R°. 

EXECUTE: Consider a small strip of length W and width dr that is a distance r from the axis of the wire, as shown 


in Figure 29.59. The flux through the strip is d®, = B(r)W dr = ‘ £ r dr . The total flux through the rectangle is 
1 


2 
_ ò HAW \ pe HolW 
P, jao, Geol rdr ae 


EVALUATE: Note that the result is independent of the radius R of the wire. 


W 


Figure 29.59 
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IDENTIFY: Apply Faraday’s law to calculate the magnitude and direction of the induced emf. 

SETUP: Let A be directed out of the page in Figure 29.50 in the textbook. This means that counterclockwise emf 
is positive. 

EXECUTE: (a) ®, =BA=Byar,’(1-3(t/t,)° + 2(t/t,)’). 


2 2 2 
(by ¢ = na 2 1 —3¢4/t, 9 + 2¢01t,)°) = FO (6(4/t,) + 6(0/t,)?). aa =| | 4 L|] At 
d dt ty a b ty 
2 3)? 3 

Pasi bese Oe 8) OES S Vv Sanne His 

0.010 s 0.010 s 0.010 s 
counterclockwise. 
(ere Sp pe E 3 12 Q=10.2 Q. 

I 3.0x10° A 


total 
(d) Evaluating the emf at ¢=1.21x10~ s and using the equations of part (b), € = —0.0676 V, and the current flows 
clockwise, from b to a through the resistor. 


2 
eo vieno- |) oi and t =f =0.010 s. 
ty ty ty 


EVALUATE: Att=t, B=0. Att=5.00x10" s, B is inthe +Å direction and is decreasing in magnitude. Lenz’s 


law therefore says E is counterclockwise. At t= 0.0121 s, B is in the +k direction and is increasing in magnitude. 
Lenz’s law therefore says € is clockwise. These results for the direction of € agree with the results we obtained 
from Faraday’s law. 

(a) and (b) IDENTIFY and Set Up: 


The magnetic field of the wire is given by 
B= Hol 

mr 
bar. At every point along the bar B has 
direction into the page. Divide the bar up into 
thin slices, as shown in Figure 29.6 la. 


and varies along the length of the 


xB x 6 x x 


Figure 29.61a 
EXECUTE: The emf dE induced in each slice is given by dE =Y x B-dl.¥x B is directed toward the wire, so 


dE =-vB dr = -»( Hol Jar, The total emf induced in the bar is 
ar 


a+Ldr plv [in(r)] 
1 


d+L 
d 


ad a S eee 


d 2ar 2n-4 r 


nary na) Sa ee tia) 
2a 2m 


EVALUATE: The minus sign means that V,, is negative, point a is at higher potential than point b. (The force 
F =q¥ x B on positive charge carriers in the bar is towards a, so a is at higher potential.) The potential difference 


increases when 7 or v increase, or d decreases. 
(c) IDENTIFY: Use Faraday’s law to calculate the induced emf. 
SET Up: The wire and loop are sketched in Figure 29.6 1b. 


> EXECUTE: As the loop moves 
az W> a to the right the magnetic flux 
t through it doesn’t change. Thus 
7 á E ae 0 and7 =0. 
| dt 
b c 
Figure 29.61b 


EVALUATE: This result can also be understood as follows. The induced emf in section ab puts point a at higher 
potential; the induced emf in section dc puts point d at higher potential. If you travel around the loop then these 
two induced emf’s sum to zero. There is no emf in the loop and hence no current. 
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29.62. 


29.63. 


29.64. 


IDENTIFY: &€=vBL, where v is the component of velocity perpendicular to the field direction and perpendicular 
to the bar. 

SET Up: Wires A and C have a length of 0.500 m and wire D has a length of \/2(0.500 m)? = 0.707 m. 
EXECUTE: Wire A: v is parallel to B, so the induced emf is zero. 

Wire C: ¥ is perpendicular to B. The component of ¥ perpendicular to the bar is vcos 45°. 

E =(0.350 m/s)(cos45°)(0.120 T)(0.500 m) = 0.0148 V. 

Wire D: ¥ is perpendicular to B. The component of ¥ perpendicular to the bar is vcos45°. 

E =(0.350 m/s)(cos45°)(0.120 T)(0.707 m) = 0.0210 V. 

EVALUATE: The induced emf depends on the angle between ¥ and B and also on the angle between ¥ and the bar. 


(a) IDENTIFY: Use the expression for motional emf to calculate the emf induced in the rod. 
SET Up: The rotating rod is shown in Figure 29.63a. 


eB oe . PARS 
5 5 F E The emf induced in a thin 
T 1ail aa Seen A Ls 
si e F e dre = slice is dE =v x B-dl. 
a 
— 


L—————> 


Figure 29.63a 


EXECUTE: Assume that B is directed out of the page. Then ¥ x B is directed radially outward and 
dl =dr, so vx B-dl =vB dr 

v=ra@ so dE =@Br dr. 

The dE for all the thin slices that make up the rod are in series so they add: 


E=[dé= È oBr dr =+@BL =}(8.80 rad/s)(0.650 T)(0.240 m}? = 0.165 V 


EVALUATE: £ increases with Ø, B or L’. 


(b) No current flows so there is no ZR drop in potential. Thus the potential difference between the ends equals the 
emf of 0.165 V calculated in part (a). 
(c) SET Up: The rotating rod is shown in Figure 29.63b. 


eRe cen ji è 
Ì3 r axis > a 
w 
L/2 
y 


Figure 29.63b 


EXECUTE: The emf between the center of the rod and each end is € = +@B(L/2) = 4(0.165 V) =0.0412 V, 
with the direction of the emf from the center of the rod toward each end. The emfs in each half of the rod thus 
oppose each other and there is no net emf between the ends of the rod. 

EVALUATE: @ and B are the same as in part (a) but L of each half is 4L for the whole rod. € is proportional to 


L’, so is smaller by a factor of +. 
IDENTIFY: The power applied by the person in moving the bar equals the rate at which the electrical energy is 
dissipated in the resistance. 


2 
SET Up: From Example 29.7, the power required to keep the bar moving at a constant velocity is P = Gay i 
R= (BLv) _ [(0.25 T)3.0 m)(2.0 m/s) 
Pp 25 W 
(b) For a 50 W power dissipation we would require that the resistance be decreased to half the previous value. 
(c) Using the resistance from part (a) and a bar length of 0.20 m, 
_(BLvy’ _ [(0.25T)(0.20 m)(2.0 m/s)? 
R 0.090 Q 
EVALUATE: When the bar is moving to the right the magnetic force on the bar is to the left and an applied force 
directed to the right is required to maintain constant speed. When the bar is moving to the left the magnetic force 
on the bar is to the right and an applied force directed to the left is required to maintain constant speed. 


EXECUTE: (a) = 0.090 Q. 


P =0.11W. 
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29.65. 


29.66. 


(a) IDENTIFY: Use Faraday’s law to calculate the induced emf, Ohm’s law to calculate /, and Eq.(27.19) to 
calculate the force on the rod due to the induced current. 
SET Up: The force on the wire is shown in Figure 29.65. 


EXECUTE: When the wire has speed v 


x | the induced emf is € = Bva and the 
a2 induced current is Z = E/R = s 
Figure 29.65 


The induced current flows upward in the wire as shown, so the force F =H x B exerted by the magnetic field on 
the induced current is to the left. F opposes the motion of the wire, as it must by Lenz’s law. The magnitude of 
the force is F = laB = B’a’v/R. 
(b) Apply iF = ma to the wire. Take +x to be toward the right and let the origin be at the location of the wire at 
t=0,so x, =0. 
XF, =ma, says — F = ma, 

F_ Ba’y 


~ m mR 
Use this expression to solve for v(f): 


dv Ba’y dv Ba 


a, =—= and — = dt 
dt mR v mR 
3 d ' B? 2 7 
Mez s Í dt' 
% y mR ”? 
B’a't 
In(v) — InQ,) =- 
(=A) Sa 
Ba't 
in| |S and v = ype” ome 
Vo mR 


Note: At t =0, v =v, and v — 0 when t > œ 
Now solve for x(a): 
dx ar 2a? mM. 
=ve B*a*t/mR 


y = — = 
dt ° 
% $ —B2a?tim 
f dx' =Í; ve” "dt 


SN mR -B?a? t'ImR ‘ = mRv, =B?a?t/mR 
x=v| =z te aie e 
Ba o Ba 


Comes to rest implies v = 0. This happens when t > œ. 


—B?at/mR 
so dx = ve” "dt 


mRv, 
22 
Ba 


t => œ gives x = . Thus this is the distance the wire travels before coming to rest. 


EVALUATE: The motion of the slide wire causes an induced emf and current. The magnetic force on the induced 
current opposes the motion of the wire and eventually brings it to rest. The force and acceleration depend on v and 


are constant. If the acceleration were constant, not changing from its initial value of a, =—B’a’v,/mR, then the 
stopping distance would be x =—v, /2a, =mRv,/2B’a°. The actual stopping distance is twice this. 

IDENTIFY: Since the bar is straight and the magnetic field is uniform, integrating dE =V x B -dI along the length 
of the bar gives € = (Y x B): L 

SETUP: ¥=(4.20 m/s)i. L= (0.250 m)(cos36.9°f + sin36.9° ĵ). 

EXECUTE: (a) E= (Y x Ë). L= (4.20 m/s)i x((0.120 T)i — (0.220 T) ĵ - (0.0900 T)k)-L. 

E= ((0.378 Vim) j - (0.924 V/m)Á) -((0.250 m)(cos 36.9% + sin36.9°j)). 


E = (0.378 V/m)(0.250 m)sin 36.9° = 0.0567 V. 
(b) The higher potential end is the end to which positive charges in the rod are pushed by the magnetic force. 
¥ x B has a positive y-component, so the end of the rod marked + in Figure 29.66 is at higher potential. 
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EVALUATE: Since ¥ x B has nonzero jand k components, and L has nonzero i and j components, only the 


E|=|v,B.L, | = (4.20 m/s)(0.0900 T)(0.250 m)sin36.9° = 0.0567 V. 


Oo an. 


k component of B contributes to €. In fact, 


y + 


Figure 29.66 


29.67. IDENTIFY: Use Eq.(29.10) to calculate the induced electric field at each point and then use F= gE : 
SET UP: 


~ - d® . 
Apply fË -dl =— a to a concentric circle of 


radius r, as shown in Figure 29.67a. Take A to 
be into the page, in the direction of B. 
Figure 29.67a 


; ; ; d® 
EXECUTE: B increasing then gives £ 


>0, so $E -dI is negative. This means that E is tangent to the circle in 


the counterclockwise direction, as shown in Figure 29.67b. 


$ 
E MR 
Ë -di =-E(27r) 
d®, _ „24B 
; d — dt 
E E 
Figure 29.67b 


dB 
dt 
pointa The induced electric field and the force on q are shown in Figure 29.67c. 


dB 
= = 1 gp 
E F= qE = qr dt 
=<_— = 
TIAA F is to the left 
“ae 7 2 
: (F is in the same direction as E since 


q is positive.) 


—E(2ar) =-ar* aB soE=4r 
dt á 


Figure 29.67c 
pointb The induced electric field and the force on q are shown in Figure 29.67d. 
F 
E 
| t F=qE= ige 
7 dt 


F is toward the top of the page. 


Figure 29.67d 


pointe r=Ohere, so E =0 and F =0. 
EVALUATE: If there were a concentric conducting ring of radius r in the magnetic field region, Lenz’s law tells 
us that the increasing magnetic field would induce a counterclockwise current in the ring. This agrees with the 
direction of the force we calculated for the individual positive point charges. 

29.68. IDENTIFY: A bar moving in a magnetic field has an emf induced across its ends. The propeller acts as such a bar. 
SET Up: Different parts of the propeller are moving at different speeds, so we must integrate to get the total 
induced emf. The potential induced across an element of length dx is dE = vBdx, where B is uniform. 
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29.69. 


29.70. 


29.71. 


EXECUTE: (a) Call x the distance from the center to an element of length dx, and L the length of the propeller. 
The speed of dx is xa, giving dE = vBdx = x@Bdx. E = fi xoBds = @BL’/8. 


(b) The potential difference is zero since the potential is the same at both ends of the propeller. 


3 
© E= an( 2 = foso x10“ reem sg x10% V =0.58 mV 


EVALUATE: A potential difference of about + mV is not large enough to be concerned about in a propeller. 


IDENTIFY: Follow the steps specified in the problem. 
SETUP: The electric field region is sketched in Figure 29.69. 


EXECUTE: Ē-dī =-22:. If B is constant then dP, =0, so DE -dI =0. E-dl=E,L-E_L=0. But 
dt dt abcda ab cd 


E.,=0,so EL =0. But since we assumed E , #0, this contradicts Faraday’s law. Thus, we can’t have a 
uniform electric field abruptly drop to zero in a region in which the magnetic field is constant. 


EVALUATE: Ifthe magnetic field in the region is constant, then the integral fË -dl must be zero. 


d pete ESO 
ej i Soa 
a > b E#0 


Figure 26.69 


IDENTIFY and SET Up: At the terminal speed v,, the upward force F, exerted on the loop due to the induced 
current equals the downward force of gravity: F, =mg. Use Eq.(29.6) to find the induced emf in the side of the 
loop that is totally within the magnetic field. There is no induced emf in the other sides of the loop. 
EXECUTE: €= Bvs, I = Bvs/R and F, =IsB—B’s’v/R 
B’s’y, B _ mgR 

ek mg and v, = Re 
m= p,V =p, (4s)x(d/2) = p,ad* 
R= PL _ Prás _ 16pzs 

A ind nd 


Using these expressions for m and R gives v, =169, 0,g/B? 

EVALUATE: We know p,, =8900 kg/m° (Table 14.1) and p} =1.72x10* Q-m 

(Table 25.1). Taking B = 0.5 T gives v, =9.6 cm/s. 

IDENTIFY: Follow the steps specified in the problem. 

SETUP: (a) The magnetic field region is sketched in Figure 29.71. 

EXECUTE: (b) B- dl =0 (no currents in the region). Using the figure, let B =Bi for y<0 and B=0 for y>0. 


B-dl =B,,L—B,_,L =0 but B,, =0. B,,L =0, but B,, #0. This is a contradiction and violates Ampere’s Law. 


abcde 
EVALUATE: We often describe a magnetic field as being confined to a region, but this result shows that the edges 
of such a region can't be sharp. 
d ea aa c B=0 
! | 
f | 
| 
t t - 
a!l--—»----|b B#0 
er 


—___—nn?kK < $m 


Figure 29.71 
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29.72. 


29.73. 


29.74. 


IDENTIFY and SET UP: Apply Ohm’s law to the dielectric to relate the current in the dielectric to the charge on 
the plates. Use Eq.(25.1) for the current and obtain a differential equation for q(¢). Integrate this equation to obtain 
q(t) and i(t). Use E =q/eA and Eq.(29.16) to calculate jp. 


EXECUTE: (a) Apply Ohm’s law to the dielectric: The capacitor is sketched in Figure 29.72. 


d v(t) 
l (t) P 
K 
_ gt) _p&4 
-q4 +q VSS a ees F 
Figure 29.72 


Hin=[ 0 


The resistance R of the dielectric slab is R = pd/A. Thus i(t) = 1) = gn A = a) . But the current i(t) 
R Ke A) pd) Kepe 


in the dielectric is related to the rate of change dq/dt of the charge q(t) on the plates by i(t) = —dq/dt (a positive i in the 
direction from the + to the — plate of the capacitor corresponds to a decrease in the charge). Using this in the above 


gives ag = l q(t). L = dt . Integrate both sides of this equation from ¢ = 0, where q = Q,, toa later 
dt | KPS q4 KP 


time ¢ when the charge is q(d). Í ud = {Alia (£) = = and q(t) =Q,e'*"*. Then 
P& 


& q Kpg Qs 
i(t)= l oe e™ a and j= HO) _f Q% e‘'Xe% The conduction current flows from the positive to 
dt | KPS © A AK pe, 
the negative plate of the capacitor. 
t t 
w) zo- - 40 
cA KeA 


. dE dE dq(t)/dt i(t) 
t)=e—=Ke,—=K = = 
Daea Ra N Kd A 


The minus sign means that /,(t) is directed from the negative to the positive plate. E is from + to — but dE/dt is 


Je) 


negative (E decreases) so jp (t) is from — to +. 
EVALUATE: There is no conduction current to and from the plates so the concept of displacement current, with 


ja =-je in the dielectric, allows the current to be continuous at the capacitor. 


IDENTIFY: The conduction current density is related to the electric field by Ohm's law. The displacement current 
density is related to the rate of change of the electric field by Eq.(29.16). 
SETUP: dE/dt = œE, cos æt 


E, _ 0.450 V/m 
2300 Q-m 


EXECUTE: (a) je(max) = =1.96x10* A/m? 


(b) jp (max) = €, Z) =€,0E, = 27e, fE, = 276, (120 Hz)(0.450 V/m) =3.00x10° A/m? 
t max 
: E, 1 7 
(c) If je = jpthen — = we,E,and œ = — = 4.91x10 rad/s 
p PS 
@ _4.91x10" rad/s 
2m 2m 
EVALUATE: (d) The two current densities are out of phase by 90° because one has a sine function and the other 
has a cosine, so the displacement current leads the conduction current by 90°. 
IDENTIFY: A current is induced in the loop because of its motion and because of this current the magnetic field 
exerts a torque on the loop. 
SET Up: Each side of the loop has mass m/4 and the center of mass of each side is at the center of each side. The 
flux through the loop is ®, = BAcos@. 


f= = 7.82 10° Hz. 
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29.75. 


29.76. 


EXECUTE: (a) 7, = Sh, xmg summed over each leg. 


T,= z} sin(90° — ø) + B6 gsin(90°- ø) + (2 Je sin(90° — ø) 


_ mgL ; 
T,= ag Oe (clockwise). 


T= l x B| = JABsin ¢ (counterclockwise). 


E BAd A do . BAo . ae ; : A Pe na 
[=—= cos g= é sing = P sin ¢. The current is going counterclockwise looking to the — direction. 
R Rat R dt R 
BLO. Blo. L Bo. ' 
Therefore, 7, = 2 sin’? o= Asin’ ġ. The net torque is T = me coso - Asin? ¢, Opposite to the 


direction of the rotation. 


(b) t = Ta (I being the moment of inertia). About this axis J = = mil Therefore, 


n k 
5mL| 2 5mR ý 


EVALUATE: (c) The magnetic torque slows down the fall (since it opposes the gravitational torque). 

(d) Some energy is lost through heat from the resistance of the loop. 

IDENTIFY: Apply Eq.(29.10). 

SET Up: Use an integration path that is a circle of radius r. By symmetry the induced electric field is tangent to 
this path and constant in magnitude at all points on the path. 

EXECUTE: (a) The induced electric field at these points is shown in Figure 29.75a. 

(b) To work out the amount of the electric field that is in the direction of the loop at a general position, we will use 


12 1 L Blo . 6 12B Leo. 
a= E osġ Pini |= SE cosg ? sin? 


the geometry shown in Figure 29.75b. E pop =cos@ but E = g = £ S no Therefore, 
2ar 2n(a/cos@) 2ra 
2 2 > dB B bin 
loop = EOE 2 But € as A HB ar an ee a > 80 F,,,, = LRN = oe This is exactly the value 
2ra dt dt dt cos“0 dt 2ra dt 2 dt 


for a ring, obtained in Exercise 29.30, and has no dependence on the part of the loop we pick. 
E€ AdB_ PĽ dB_ (0.20 m} (0.0350 T/s) 


Ota a= =7.37x107 A. 
R Rdt Rat 1.90 Q 
2 
(d) E, = Le = T Z SCN we ue 1.75x10~ V. But there is potential drop V = JR =—-1.75x10~ V, 


so the potential difference is zero. 
EVALUATE: The magnitude of the induced emf between any two points equals the magnitudes of the potential 
drop due to the current through the resistance of that portion of the loop. 


(a) (b) 
Figure 29.75 


IDENTIFY: Apply Eq.(29.10). 

SET Up: Use an integration path that is a circle of radius r. By symmetry the induced electric field is tangent to 
this path and constant in magnitude at all points on the path. 

EXECUTE: (a) The induced emf at these points is shown in Figure 29.76. 

(b) The induced emf on the side ac is zero, because the electric field is always perpendicular to the line ac. 


d®, dB _ p dB 


(c) To calculate the total emf in the loop, € = ac =A ht ae E = (0.20 m)?(0.035 T/s) =1.40x10° V. 
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29.77. 


29.78. 


(e) Since the loop is uniform, the resistance in length ac is one quarter of the total resistance. Therefore the 
potential difference between a and c is V,, = IR, =(7.37x10% A)(1.90 Q/4) =3.50x10~ V and the point a is at a 
higher potential since the current is flowing from a to c. 


EVALUATE: This loop has the same resistance as the loop in Challenge Problem 29.75 and the induced current is 
the same. 


Figure 29.76 


IDENTIFY: The motion of the bar produces an induced current and that results in a magnetic force on the bar. 
SET Up: F, is perpendicular to B, so is horizontal. The vertical component of the normal force equals mg cos¢, 
so the horizontal component of the normal force equals mg tan ¢. 

EXECUTE: (a) As the bar starts to slide, the flux is decreasing, so the current flows to increase the flux, which 


2 2p2 
means it flows froma to b. F, =iLB = Ee E= pegs ae B ister (vLcos @) = us cosø. At the terminal 
R R dt R dt R R 
2p2 
; Rmg t 
speed the horizontal forces balance, so mg tang = + cos@ and v, = hee 
LB’ cos¢ 
Oe E ld®, 1 gp” A T A = mg tang 
R Rd R dt R R LB 
Rm’ g’ tan’ ¢ 
-2 
(d) P=i R= PR ` 
Rmg tang | . Rm’ g’ tan?’ ġ 
e) P, = Fv cos(90° — ¢) = mg| —=—— |sing and P =—2——_. 
oh ( #) (ee mg) á : VB 


EVALUATE: The power in part (e) equals that in part (d), as is required by conservation of energy. 
IDENTIFY: Follow the steps indicated in the problem. 

SETUP: The primary assumption throughout the problem is that the square patch is small enough so that the 
velocity is constant over its whole area, that is, v = ør ~ ad. 


f . A BA o. mE S 
EXECUTE: (a) æ — clockwise, B > into page. E€ = vBL = œd BL. I= Z = ue = one Since v x B points 


R pL p 

ola i adBLt : ; : So ee Os 
outward, A is just the cross-sectional area tL. Therefore, I =———— flowing radially outward since ¥ x B points 
outward. 

Se = FB ae od Bt |. 
(b) t=dxF and F, =/Lx B = ILB pointing counterclockwise. So s =—————_ pointing out of the page (a 
p 

counterclockwise torque opposing the clockwise rotation). 
(c) If @ > counterclockwise and B —> into page, then J —> inward radially since ¥ x B points inward. 
T — clockwise (again opposing the motion). If œ — counterclockwise and B — out of the page, then J — radially 
outward. T — clockwise (opposing the motion) 
The magnitudes of / and are the same as in part (a). 


EVALUATE: In each case the magnetic torque due to the induced current opposes the rotation of the disk, as is 
required by conservation of energy. 


INDUCTANCE 


30.1. 


30.2. 


30.3. 


30.4. 


IDENTIFY and SET UP: Apply Eq.(30.4). 
di, 


i = (3.25x10~* H)(830 A/s) = 0.270 V; yes, it is constant. 
t 


EXECUTE: (a) |E,|= M 


di ; ; ; ‘ ; 
(b) A = nË ; Mis a property of the pair of coils so is the same as in part (a). Thus A =0.270 V. 


EVALUATE: The induced emf is the same in either case. A constant di/dt produces a constant emf. 


A Ai, N-O p 


IDENTIFY: €=M 22] and E =M 
At At i 


, where @,, is the flux through one turn of the second 


a 


coil. 
SET UP: M is the same whether we consider an emf induced in coil 1 or in coil 2. 


E, _1.65x10° V 
|Ai,/At| 0.242 A/s 


Mi, _(6.82x10° H)(1.20 A) 


EXECUTE: (a) M = =6.82x10° H =6.82 mH 


b) ®,,= =3.27x10* Wb 
0) Pas N, 25 
(ce) E =M 5 =(6.82x10° H)(0.360 A/s) = 2.46 x10” V =2.46 mV 


EVALUATE: We can express M either in terms of the total flux through one coil produced by a current in the 
other coil, or in terms of the emf induced in one coil by a changing current in the other coil. 
IDENTIFY: Replace units of Wb, A and Q by their equivalents. 


SETUP: 1 Wb=1T-m*. 1T=1N(A-m). IN-m=1J. 1A=1C/s. 1 V=1J/C. 1 V/A =1 Q. 
EXECUTE: 1H=1Wb/A=1T-m’/A=1N-m/A’ =1J/A? =1(J/[A-C])s =1(V/A)s =1 Q-s. 
EVALUATE: We may use whichever equivalent unit is the most convenient in a particular problem. 
IDENTIFY: Changing flux from one object induces an emf in another object. 

(a) SETUP: The magnetic field due to a solenoid is B = nl. 


EXECUTE: The above formula gives 
(42x10 T-m/A)(300)(0.120 A) 
0.250 m 


The average flux through each turn of the inner solenoid is therefore 


®, = B,A =(1.81x10* T) (0.0100 m}? = 5.68x10* Wb 


=1.81x10* T 


(b) SETUP: The flux is the same through each turn of both solenoids due to the geometry, so 


M= N,®, 5 7, AP as 
ir l 
(25)(5.68x10* Wb) 
EXECUTE: M= =1.18x10° H 
0.120 A 
; : di, 
(c) SETUP: The induced emf is E£, = -M a 


EXECUTE: £, =-(1.18x10*° H)(1750 A/s) = -0.0207 V 


EVALUATE: A mutual inductance around 10% H is not unreasonable. 
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30.5. 


30.6. 


30.7. 


30.8. 


30.9. 


30.10. 


30.11. 


IDENTIFY and SET UP: Apply Eq.(30.5). 
N,®,, _ 400(0.0320 Wb) 


EXECUTE: (a) M = =1.96H 
i, 6.52 A 
(b) M -MPa so Ọ® sM Cee DOSE =7.11x10° Wb 
i, N, 700 


EVALUATE: M relates the current in one coil to the flux through the other coil. Eq.(30.5) shows that M is the 
same for a pair of coils, no matter which one has the current and which one has the flux. 
IDENTIFY: A changing current in an inductor induces an emf in it. 


2 

(a) SETUP: The self-inductance of a toroidal solenoid is L = H a £ 

ar 

7 2 8 
bret a (42 x107' T-m/A)(500)° (6.25107 m ) 781x10% H 
27(0.0400 m) 
(b) SETUP: The magnitude of the induced emfis € = 1s 
5.00 A -2.00 A 
Execute: € =(7.81x10* Hy ee | =0.781 V 
3.00 x10% s 


(c) The current is decreasing, so the induced emf will be in the same direction as the current, which is from a to b, 
making b at a higher potential than a. 
EVALUATE: This is a reasonable value for self-inductance, in the range of a mH. 


IDENTIFY: €=L Ai and L= ND; ; 
At i 
SET UP: A = 0.0640 A/s 
At 
E _ 0.0160 V 


EXECUTE: (a) L= =0.250 H 


|Ai/At| 0.0640 A/s 


(b) The average flux through each turn is ®, = H = AA AE 
N 400 

EVALUATE: The self-induced emf depends on the rate of change of flux and therefore on the rate of change of 

the current, not on the value of the current. 

IDENTIFY: Combine the two expressions for L: L = N®,/i and L = €/(di/dt). 


=4.50x10* Wb. 


SETUP: ©, is the average flux through one turn of the solenoid. 
(12.6x10° V)(1.40 A) 
(0.00285 Wb)(0.0260 A/s) 


EVALUATE: The induced emf depends on the time rate of change of the total flux through the solenoid. 
IDENTIFY and SET UP: Apply |E | = L|dildt| Apply Lenz’s law to determine the direction of the induced emf in 


EXECUTE: Solving for N we have N = &i/®,(di/dt) = = 238 turns. 


the coil. 
EXECUTE: (a) |E| = L(di/dt) = (0.260 H)(0.0180 A/s)=4.68x10° V 


(b) Terminal a is at a higher potential since the coil pushes current through from bto a and if replaced by a 
battery it would have the + terminal at a. 
EVALUATE: The induced emf is directed so as to oppose the decrease in the current. 


IDENTIFY: Apply €= 15, 
t 


SETUP: The induced emf points from low potential to high potential across the inductor. 

EXECUTE: (a) The induced emf points from b to a, in the direction of the current. Therefore, the current is 
decreasing and the induced emf is directed to oppose this decrease. 

(b) El = L|Ai/ At , SO |Ai/A¢| =V,,/L =(1.04 V)/(0.260 H) = 4.00 A/s. In 2.00 s the decrease in i is 8.00 A and the 


current at 2.00 s is 12.0 A-8.0A=4.0A. 

EVALUATE: When the current is decreasing the end of the inductor where the current enters is at the lower 
potential. This agrees with our result and with Figure 30.6d in the textbook. 

IDENTIFY and SET Up: Use Eq.(30.6) to relate L to the flux through each turn of the solenoid. Use Eq.(28.23) for 
the magnetic field through the solenoid. 
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30.12. 


30.13. 


30.14. 


30.15. 


NỌ f VANES a ; 
EXECUTE: L=——#. Ifthe magnetic field is uniform inside the solenoid ®, = BA. From Eq.(28.23), 
i 


. $ 2 

B= ni = ih N iso®, ane Then go Poi) HoN A. 

l l i l l 
EVALUATE: Our result is the same as L for a torodial solenoid calculated in Example 30.3, except that the 
average circumference 2zr of the toroid is replaced by the length / of the straight solenoid. 
IDENTIFY and SET Up: The stored energy is U =4LI’. The rate at which thermal energy is developed is P = 1°R. 
EXECUTE: (a) U =4LI* =4(12.0 H)(0.300 A)’ =0.540 J 
(b) P=I°R=(0.300 A)’ (180 Q) =16.2 W =16.2 J/s 
EVALUATE: (c) No. If is constant then the stored energy U is constant. The energy being consumed by the 
resistance of the inductor comes from the emf source that maintains the current; it does not come from the energy 


stored in the inductor. 
IDENTIFY and SET UP: Use Eq.(30.9) to relate the energy stored to the inductance. Example 30.3 gives the 


. l N’A 
inductance of a toroidal solenoid to be L = Ho , so once we know L we can solve for N. 
mr 
EXECUTE: U=4LI’ soL =e a Car =5.417x10° H 
I (12.0 A) 


-3 
N= 2arL _ AON m)(5.417 x10 W — = 2850. 
MA (47 x10-° T-m/A)(5.00x10™ m“) 
EVALUATE: ZL and hence U increase according to the square of N. 
IDENTIFY: A current-carrying inductor has a magnetic field inside of itself and hence stores magnetic energy. 


(a) SETUP: The magnetic field inside a toroidal solenoid is B = x 
mr 
Execute: B= 42G096.00 A) _ 4 50.107 T=2.50 mT 
22(0.120 m) 
i ; A N’A 
(b) SETUP: The self-inductance of a toroidal solenoid is ZL = P 
mr 
=i) 2 -4 2 
Pireo ie (42 x10" T -m/A)(300) (4.00 x10" m^) ~6.00x10° H 
27(0.0120 m) 
(©) SETUP: The energy stored in an inductor is U, =4LI’. 
EXECUTE: U, =4(6.00x10° H)(5.00 A)’ =7.50x10* J 
7A 
(d) SETUP: The energy density in a magnetic field is u = 2 
Ho 
-3 ys 
EXECUTE: u= G20 Ah = 2.49 J/m? 
2(42 x10" T-m/A) 
-4 
Oe energy energy 7.50x107 J -2.49 Vm? 


volume 22rd 22(0.120 m)(4.00x10~ m°) 

EVALUATE: An inductor stores its energy in the magnetic field inside of it. 

IDENTIFY: A current-carrying inductor has a magnetic field inside of itself and hence stores magnetic energy. 

(a) SET Up: The magnetic field inside a solenoid is B = nl. 

_ (42107 T-m/A)(400)(80.0 A) _ 
0.250 m 


EXECUTE: B 0.161 T 


2 
(b) SETUP: The energy density in a magnetic field is u = A 
0 

a (0.161 T} 

2(42 x10” T-m/A) 
(c) SET Up: The total stored energy is U = uV. 
EXECUTE: U =uV =u(JA)=(1.03x10* J/m’)(0.250 m)(0.500x107 m?) =0.129 J 
(d) SETUP: The energy stored in an inductor is U =4L/’. 
EXECUTE: Solving for L and putting in the numbers gives 

= au eee) L =4.02x10°H 
I (80.0 A) 

EVALUATE: An inductor stores its energy in the magnetic field inside of it. 


EXECUTE: =1.03x10* J/m? 
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30.16. 


30.17. 


30.18. 


30.19. 


IDENTIFY: Energy = Pr. U=4LI’. 

SETUP: P=200 W=200 J/s 

EXECUTE: (a) Energy = (200 W)(24 h)(3600 s/h) =1.73x107 J 
2U _ 2(1.73x10 J) 
P (80.0 Ay’ 
EVALUATE: A large value of L and a large current would be required, just for one light bulb. Also, the resistance 


(b) L= =5.41x10° H 


of the inductor would have to be very small, to avoid a large P=J°R rate of electrical energy loss. 
IDENTIFY and SET Up: Starting with Eq. (30.9), follow exactly the same steps as in the text except that the 
magnetic permeability x is used in place of 4i. 

A B? 


2 
EXECUTE: Using L= AN. and B = HNI gives u =—. 
2ar 2ar 2u 


EVALUATE: Fora given value of B, the energy density is less when wis larger than 44 . 
IDENTIFY and SET UP: The energy density (energy per unit volume) in a magnetic field (in vacuum) is given by 
„-U B? 


> =— (Eq.30.10). 
r (Eq ) 


2uU _ (42107 T-m/A)B.60x10° J) _ 554 3 


EXECUTE: (a) V = 


B (0.600 T)? 
2 
0) x2 
V 24h 
7 6 
pg- PHY _ |247x10 TAG 0x10 Dee 
V (0.400 m) 


EVALUATE: Large-scale energy storage in a magnetic field is not practical. The volume in part (a) is quite large 
and the field in part (b) would be very difficult to achieve. 
IDENTIFY: Apply Kirchhoff’s loop rule to the circuit. i(f) is given by Eq.(30.14). 
SETUP: The circuit is sketched in Figure 30.19. 

i VR =iR 

VAS Dinca 2 cok 
| R — is positive as the current 

+ dt 

= 

l 


L increases from its initial value of zero. 


Y, = Ldijdt 
Figure 30.19 
EXECUTE: €&€-v,-v, =0 
di 


E-iR-L =0 s0i==(1 eD) 
dt R 


(a) Initially (£= 0), ¿=0 so €-L “ =0 
LE SS RE ie 
dt L 2.50H 


(b) E£ -iR -12 =0 (Use this equation rather than Eq.(30.15) since i rather than ¢ is given.) 
t 


Thus d E R 6.00 V -(0.500 AY8.00 2) _ 9 go a/c 
dt L 2.50 H 
6.00 V 


o -E-e (E0 


Jo — 7 (8.00 92.50 1)(0.250 >) =0.750 A(1— e230) =0.413 A 


(d) Final steady state means t —> œ and < >0, so E -iR =0. 
t 


TE E _ 6.00 V 

R 8.000 
EVALUATE: Our results agree with Fig.30.12 in the textbook. The current is initially zero and increases to its 
final value of E/R. The slope of the current in the figure, which is di/dt, decreases with t. 


=0.750 A 
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30.20. 


30.21. 


30.22. 


30.23. 


30.24. 


30.25. 


IDENTIFY: The current decays exponentially. 

SET Up: After opening the switch, the current is i= J,e 

EXECUTE: (a) The initial current is J, = (6.30 V)/(15.0 Q) = 0.420 A. Now solve for L and put in the numbers. 
zR ___ ~(2.00 ms)(15.0 Q) 


~InG/I,) in 2° A) 
0.420 A 


“KL and the time constant is T= L/R. 


= 43.3 mH 


(b) c= L/R = (43.3 mH)/(15.0 Q) = 2.89 ms 
(c) Solve i=I,e"" for t, giving t = —rIn(i/I,) = -(2.89 ms) In(0.0100) =13.3 ms. 
EVALUATE: In less than 5 time constants, the current is only 1% of its initial value. 
IDENTIFY: i=€/R(l1—e“’), with t= L/R. The energy stored in the inductor is U =+ 
SET Up: The maximum current occurs after a long time and is equal to E/R. 
EXECUTE: (a) ix =E€/R so i=i,,,/2when (l-e“)=4 and e =}. -t/r = In(4). 
_ Lin2 _ (In2)(1.25x10° H) 
aS = 50.0 Q 
(b) U =1U,,,, when i=i,,,/V2. 1-e™ =1/V2, so e™ =1-1/V2 =0.2929. t=-L1n(0.2929)/R =30.7 us. 
EVALUATE: 7=L/R=2.50x10~° s=25.0 us. The time in part (a) is 0.6927 and the time in part (b) is 1.237. 
IDENTIFY: With S, closed and S, open, i(t) is given by Eq.(30.14). With S, open and S, closed, i(t) is given 
by Eq.(30.18). 


=17.3 us 


SET Up: U=4Li’. After S, has been closed a long time, i has reached its final value of J = E/R. 
EXECUTE: (a) U=4LI° and J = E- os 2 =2.13 A. E= IR =(2.13 A)(120 Q) =256 V. 
(b) i= ®™ and U=4L7 =4 LP e°O =t (HLP). e? =4, so 

L 0.115 H 


L)= In(4)=3.32x10* s. 
2R (3) 2(120 Q) BG) sera 


EVALUATE: 1=L/R=9.58x10~ s. The time in part (b) is tIn(2)/2 =0.347r. 


IDENTIFY: L has units of H and R has units of Q. 
SETUP: 1H=1Q-s 
EXECUTE: Units of L/R =H/Q=(Q-s)/Q=s = units of time. 


EVALUATE: Rt/L=t/t is dimensionless. 
IDENTIFY: Apply the loop rule. 
SET Up: In applying the loop rule, go around the circuit in the direction of the current. The voltage across the 
inductor is —Ldi/ dt. 
EXECUTE: —Ldi/dt—ik =0. Bagh gives f, az At ae and In(i/I,) ze pes, 

dt L h j' Leo L 
EVALUATE: di/dt is negative, so there is a potential rise across the inductor; point c is at higher potential than 
point b. There is a potential drop across the resistor. 
IDENTIFY: Apply the concepts of current decay in an R-L circuit. Apply the loop rule to the circuit. i(f) is given 
by Eq.(30.18). The voltage across the resistor depends on i and the voltage across the inductor depends on di/dt. 


SETUP: The circuit with S, closed and S, open is sketched in Figure 30.25a. 


il fi €-iR- 1 =0 


R L 
Figure 30.25a 


A di 
Constant current established means a =0. 
t 


E 60.0V 


= =0.250 A 
R 240 


EXECUTE: 
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30.26. 


30.27. 


(a) SETUP: The circuit with S, closed and S, open is shown in Figure 30.25b. 


At t=0, i=J, =0.250 A 


R L 
Figure 30.25b 
The inductor prevents an instantaneous change in the current; the current in the inductor just after S, is closed and 
S, is opened equals the current in the inductor just before this is done. 


(b) EXECUTE: i= J,e(*/" =(0.250 Aje (402/010 mao 9» _ (0,250 Ale? = 0.137 A 
(c) SET Up: See Figure 30.25c. 


Figure 30.25¢ 


EXECUTE: _ If we trace around the loop in the direction of the current the potential falls as we travel through the 

resistor so it must rise as we pass through the inductor: v,, >0 and v,. <0. So point c is at higher potential than 

point b. 

Vap + Vae = 0 and v,.=—Vv,, 

Or, Va =V =iR = (0.137 A)(240 Q) =32.9 V 

(d) ise 

i=4/, says +1 =e ®™ and =e ®™ 

Taking natural logs of both sides of this equation gives In(4) =—Rt/L 

ms 0.160 H 
240 Q 

EVALUATE: The current decays, as shown in Fig. 30.13 in the textbook. The time constant is T = L/R =6.67x10* s. 

The values of ¢ in the problem are less than one time constant. At any instant the potential drop across the resistor 


(in the direction of the current) equals the potential rise across the inductor. 
IDENTIFY: Apply Eq.(30.14). 


na 4.6210" s 


di pog i Pinis ni 
SETUP: v =iR. vp = L The current is increasing, so di/dt is positive. 
t 


EXECUTE: (a) At ¢=0, i=0. v,,=Oandv,, =60 V. 

(b) As t>0, i> E/R and di/dt—>0. v,, > 60 V andv,, > 0. 

(c) When 7=0.150 A, v,, =iR =36.0 V and v,. = 60.0 V —36.0 V = 24.0 V. 

EVALUATE: Atall times, €=v,,+v,., as required by the loop rule. 

IDENTIFY: i(t) is given by Eq.(30.14). 

SET Up: The power input from the battery is Ei. The rate of dissipation of energy in the resistance is i7R. The 


voltage across the inductor has magnitude Ldi/dt, so the rate at which energy is being stored in the inductor is 
iLdi/dt. 


i Eo o (600 V} | 
EXECUTE: (a) P = Ei = EL (1 -eP = —(1-e n = (J a eE 9/250 DY) 
(a) of ) a ( ) $000 ( ) 


P =(4.50 W)-¢ 0”), 


genn _ (6.00 VY 


WD (1 — g7 80 212.50 mr)? =(4.50 W)(1 e2 s7! wy? 


a ee 
(b) Pr =R TNE 
di E E E 
©) P =iL = p—e Rt [Serr == e (Rb) — e? 
© P, P7 TS ) T a ( ) 


P= (4.50 Wye?” D L e 6-40 s7 9, 


EVALUATE: (d) Note that if we expand the square in part (b), then parts (b) and (c) add to give part (a), and the 
total power delivered is dissipated in the resistor and inductor. Conservation of energy requires that this be so. 
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30.28. IDENTIFY: An L-C circuit oscillates, with the energy going back and forth between the inductor and capacitor. 


1 vos 1 
——, giving f =—__—. 
VLC Ai 2aVLC 


=2.13x10° Hz = 2.13 kHz 


(a) SETUP: The frequency is f = oa and œ= 
1 


1 


EXECUTE: f= 
2z (0.280 x10° H)(20.0x10* F) 


(b) SETUP: The energy stored in a capacitor is U=4CV”. 
EXECUTE: U =1(20.0x10° F)(150.0 V}? =0.225 J 
(c) SETUP: The current in the circuit is i=—@Qsin æt , and the energy stored in the inductor is U = 4L’. 
EXECUTE: First find wand Q. w= 2zf = 1.336 x 10° rad/s. 
Q = CV = (20.0 x 10% F)(150.0 V) = 3.00 x 10° C 
Now calculate the current: 
i= — (1.336 x 10* rad/s)(3.00 x 10° C) sin[(1.336 x 10° rad/s)(1.30 x 10° s)] 


Notice that the argument of the sine is in radians, so convert it to degrees if necessary. The result is i= — 39.92 A 
Now find the energy in the inductor: U =4Li* =4(0.280x10~ H)(-39.92 A}? =0.223 J 


EVALUATE: At the end of 1.30 ms, nearly all the energy is now in the inductor, leaving very little in the capacitor. 
30.29. IDENTIFY: The energy moves back and forth between the inductor and capacitor. 


(a) SETUP: The period is T 3 : of 2m4 LC. 
f olr ø 


EXECUTE: Solving for L gives 
L= T? = (8.60 x10° s)? 
4n°C  4n°(7.50x10° C) 
(b) SET Up: The charge on a capacitor is Q = CV. 
EXECUTE: Q = CV = (7.50 x 10° F)(12.0 V) = 9.00 x 10°C 
(©) SET Up: The stored energy is U = Q°/2C. 

(9.00x10* C} 
~ 2(7.50x10°F) 
(d) SETUP: The maximum current occurs when the capacitor is discharged, so the inductor has all the initial 
energy. U, +Uc =U HLI? +0 = Uon: 

EXECUTE: Solve for the current: 


2(5.40x107 J 
I= 2U toni _ ( 5 =6.58x10° A=6.58 mA 
V L 2.50 x10% H 


EVALUATE: The energy oscillates back and forth forever. However if there is any resistance in the circuit, no 
matter how small, all this energy will eventually be dissipated as heat in the resistor. 
30.30. IDENTIFY: The circuit is described in Figure 30.14 of the textbook. 


SETUP: The energy stored in the inductor is U, =1Li’ and the energy stored in the capacitor is U. =q°/2C. Initially, 
gy L=2 gy p c= y: 


=2.50x10° H = 25.0 mH 


EXECUTE: U =5.40x107 J 


U.=4CV", with V =12.0 V. The period of oscillation is T =22VLC =27(12.0x10° H)(18.0x10° F) =2.92 ms. 


EXECUTE: (a) Energy conservation says U,(max) = U,(max), and 1Li>,, =1CV’. 


-6 
Lax =VVC/L =(22.5 V), ae = 0.871 A. The charge on the capacitor is zero because all the energy is in 
x 
the inductor. 
(b) From Figure 30.14 in the textbook, q =0 at t=7/4 = 0.730 ms and at t =37/4=2.19 ms. 
(c) qo =CV =(18 uF) (22.5 V) =405 uC is the maximum charge on the plates. The graphs are sketched in 


Figure 30.30. q refers to the charge on one plate and the sign of i indicates the direction of the current. 
EVALUATE: Ifthe capacitor is fully charged at ¢ =0 it is fully charged again at t=7/2, but with the opposite polarity. 


q i 

+405 uC => A! == Z +0.871 A 
t 

aei pC —0.871 A 


Figure 30.30 
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30.31. 


30.32. 


30.33. 


IDENTIFY and SET Up: The angular frequency is given by Eq.(30.22). q(t) and i(f) are given by Eqs.(30.21) and 
(30.23). The energy stored in the capacitor is Uc = +CV? =q’/2C. The energy stored in the inductor is U, =4Li’. 


EXECUTE: (a) @= = l =105.4 rad/s, which rounds to 105 rad/s. The period is 
VLC [0.50 H)(6.00x10° F) 
Buby re EE L 
œ 105.4 rad/s 
(b) The circuit containing the battery and capacitor is sketched in Figure 30.31. 
E= 120V 
e-l- 
= > 
| Q =EC =(12.0 V)(6.00x10~ F) =7.20x10* C 
gd Cc 
Figure 30.31 


(c) U =1CV* =1(6.00x10~ F)(12.0 V)? =4.32x10° J 

(d) ¢=Qcos(at + ¢) (Eq.30.21) 

q=Q att=0s0 ¢=0 

q = Ocosat =(7.20x10~ C)cos([105.4 rad/s][0.0230 s]) = -5.42 x10% C 

The minus sign means that the capacitor has discharged fully and then partially charged again by the current 
maintained by the inductor; the plate that initially had positive charge now has negative charge and the plate that 
initially had negative charge now has positive charge. 

(e) i=—a@OQsin(at + ¢) (Eq.30.23) 

i = —(105 rad/s)(7.20x10~ C)sin({105.4 rad/s][0.0230 s]) =—0.050 A 


The negative sign means the current is counterclockwise in Figure 30.15 in the textbook. 


or 
z 


LPA eTa T avo q? (Eq.30.26) 


Pom ie 

i=+(105 rad/s)q|(7.20«10 cy a C)? =+0.050 A, which checks. 
2 (-5.42x107 ©} 

Meeg T j Seo P 
U, =4Li =4(1.50 H)(0.050 A)? =1.87x10° J 

EVALUATE: Note that U, +U, =2.45x10° J+1.87x10° J=4.32x10° J. 

Q? _(7.20x10% ©)? _ 

2C  2(6.00x10° F) 


Energy is conserved. At some times there is energy stored in both the capacitor and the inductor. When i = 0 all the 
energy is stored in the capacitor and when q = 0 all the energy is stored in the inductor. But at all times the total 
energy stored is the same. 


=2.45x10° J 


432x107 J. 


This agrees with the total energy initially stored in the capacitor, U = 


IDENTIFY: @= ele =2af 


VLC 
SETUP: Ææ is the angular frequency in rad/s and fis the corresponding frequency in Hz. 
EXECUTE: (a) L= SEE : =2.37x10° H. 


An? f?C 4° (1.6x10° Hz)’(4.18x10-" F) 
(b) The maximum capacitance corresponds to the minimum frequency. 


Conon = l > : =3.67x10'' F =36.7 pF 
4n f2,L  42°(5.40x10° Hz)’ (2.37x10° H) 


min 


EVALUATE: To vary f by a factor of three (approximately the range in this problem), C must be varied by a factor 
of nine. 

IDENTIFY: Apply energy conservation and Eqs. (30.22) and (30.23). 

Q’ 2 

2 


SETUP: If JZ is the maximum current, +L’ = oe For the inductor, U, =4Li 


2 
EXECUTE: (a) }LI?° -2 gives O=iVLC = (0.750 A) (0.0800 H)(1.25x10° F) =7.50x10° C. 


b) o= : =1.00x10° rad/s. f => =1.59x10" Hz. 


nar (0.0800 H)(1.25x10° F) a 
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30.34. 


30.35. 


30.36. 


30.37. 


30.38. 


(c) q=0 at t=0 means =0. i =—@OQsin(at) , so 

i=—(1.00x10° rad/s)(7.50x 10 C)sin({1.00x10° rad/s][2.50x10~ s]) =-0.7279 A . 

U, =4Li’ =4(0.0800 H)(—0.7279 A)’ =0.0212 J. 

EVALUATE: The total energy of the system is 1 LJ’ = 0.0225 J. At t= 2.50 ms, the current is close to its 


maximum value and most of the system’s energy is stored in the inductor. 
IDENTIFY: Apply Eq.(30.25). 


SETUP: g=Q when i=0. i=i,,, when g=0. 1/VLC =1917s". 


= Limax 


2 
EXECUTE: (a) ¿Li? 22, Q =i „VLC =(0.850x10° A),/(0.0850 H)(3.20x10° F) =4.43x107 C 
2 max 2C max 


4 2 
0) g= OTEP = faasntorey aoe A) =3.58x107C. 


1917s" 


EVALUATE: The value of q calculated in part (b) is less than the maximum value Q calculated in part (a). 
IDENTIFY: g=Qcos(@t+¢) and i=—wQsin(@+¢) 
2 


SETUP: U.=“—.U,=4L?. 


2C 
2: 2 2 
q O° cos (œt +ø) 
EXECUTE: (a) U =} Fs =} ‘ 
; ; l Q’sin?’(@t+ø) . 1 
U, =4Li =4Le@’Q’ sin’ (wt +g) =4 C , since œ? at Toh 
1 Q’? 2 1 2 7)2 Goan? 

(b) Uraa =Uc +U, =C cos’ (at 4 Ou O° sin’ (wt + @) 

2 2 2 
Uae e. cos’ (wt +ø) + ue sin? (or +6) =4 Z Ccos? (ot + g)+sin’(w@t+¢)) =4 Z 


U. 


Tota! 


EVALUATE: Eqs.(30.21) and (30.23) are consistent with conservation of energy in the L-C circuit. 
2 


, İs a constant. 


IDENTIFY: Evaluate “A and insert into Eq.(20.20). 
t 


SETUP: Equation (30.20) is ENT, 
ae Bee Ge ee 
dq : d°q 2 
EXECUTE: gq =Qcos(wt+¢)> Pa =—wQ sin(@t+¢)> Pr =-w' Ocos(wt +). 
d’q 1 2 Q 2_ 1 1 
—+—gq = -wQ cos(at + @)+4 cos(wt + 0>0 w : 
iE 16 ee) iC TE 


EVALUATE: The value of ¢ depends on the initial conditions, the value of q at t=0. 

IDENTIFY: The unit of ZL is H and the unit of C is F. 

SETUP: C=q/V„ says 1F=1C/V .1H=1V-s/A=1V-s°/C. 

EXECUTE: 1H-F=(1 V-s°/C)(1 C/V) =1 s° . Therefore, LC has units of s? and VLC has units of s. 


EVALUATE: Our result shows that øt is dimensionless, since @=1/VLC . 
IDENTIFY: The presence of resistance in an L-R-C circuit affects the frequency of oscillation and causes the 
amplitude of the oscillations to decrease over time. 


(a) SET Up: The frequency of damped oscillations is w’ = ,j,—--—, . 


ji 1 (75.0 Q? 
(22x10° H)(15.0x10°F) 4(22x10° H} 


ae 50x10" 
The frequency fis f = Ouse 
2m 2m 


(b) SETUP: The amplitude decreases as A(f) = Ay e 
EXECUTE: Solving for ¢ and putting in the numbers gives: 


-2L In(A/A,) _ -2(22.0x10° H)In(0.100) 
t= idi 
R 75.0 Q 


EXECUTE: =5.5x10* rad/s 


=8.76x10° Hz = 8.76 kHz. 


-(R/2L)t 


=1.35x107s = 1.35 ms 
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30.40. 


30.41. 


30.42. 


30.43. 


(c) SETUP: At critical damping, R=V4L/C . 
4(22.0x10° H) 
15.0x10° F 


EVALUATE: The frequency with damping is almost the same as the resonance frequency of this circuit (1/VLC ), 
which is plausible because the 75-Q resistance is considerably less than the 2420 © required for critical damping. 
IDENTIFY: Follow the procedure specified in the problem. 


EXECUTE: R= = 2420 Q 


ae 1 
SETUP: Make the substitutions x > q, m > L, b> R, k > 


2 2 
EXECUTE: (a) Eq. (13.41): a ee This becomes 2 A H Rag TEER , which is Eq.(30.27). 
mdt m dt Ldt LC 


2 2 
(b) Eq. (13.43): o' = a k z . This becomes œ'=, E-i , which is Eq.(30.29). 
m 4m 


(c) Eq. (13.42): x = Ae” cos(w't +ø) . This becomes q = Ae? cos(œ't+ ø), which is Eq.(30.28). 
EVALUATE: Equations for the L-R-C circuit and for a damped harmonic oscillator have the same form. 
IDENTIFY: For part (a), evaluate the derivatives as specified in the problem. For part (b) set q =Q in Eq.(30.28) 


and set dq/dt =0 in the expression for dq/dt . 
SET Up: In terms of o’ , Eq.(30.28) is g(t) = Ae" cos(a't + ¢) . 


d R 
EXECUTE: (a) q = Ae” cos(a't+¢). - =—A ae cos(w't + ¢) -—a'Ae'” sin(a't +ø). 


dt? 2L 


2 2 2 2 
d’q Rd q -«((Z) ae Ejro souts- 


2 2 
dd- A (Z) e TD cos(œ't +ø) +20'A eu sin(w't + ¢)—w" Ae" cos(w't +ø) 


dt Ldt LC 2L 2V-— LC 


and 


. dq dq R has aes 
b) At ¢=0, ; 0, A and = Acos¢@—a@'Asing =0 . This gives A= 
(b) q=0,i=F=0, s0 q = Acosp = and A =- cos p—w! Asing gives A= 


tang = ne R 


2Lo'  2L41/LC-R°/4P 
EVALUATE: If R=0, then 4=Q and ¢=0. 


IDENTIFY: Evaluate Eq.(30.29). 
SET Up: The angular frequency of the circuit is œ’. 


1 1 
VLC (0.450 H) (2.50x10° F) 


a 2 2 - 
(1/LC -R?/41’) span’ =(0.95)’ . This gives 
1/LC 4L 


r= fea. (0.95)*) = E a8 a 
(2.50 10° F) 


EXECUTE: (a) When R =0, @, = = 298 rad/s. 


(b) We want = =0.95, so 


EVALUATE: When R increases, the angular frequency decreases and approaches zero as R>2VL/C . 
IDENTIFY: ZL has units of H and C has units of F. 
SETUP: 1H=1Q0-s. C=q/V says 1 F=1 C/V. V =IR says 1 V/A=1Q. 

H Qs Q-V 


EXECUTE: The units of L/C are F = C/V = x =Q?. Therefore, the unit of VL/C is Q. 


2 


., | R ; 
EVALUATE: For Eq.(30.28) to be valid, F and IP must have the same units, so R and VL/C must have the 
same units, and we have shown that this is indeed the case. 


IDENTIFY: The emf €, in solenoid 2 produced by changing current i, in solenoid | is given by E, =M 


2 . The 
At 
mutual inductance of two solenoids is derived in Example 30.1. For the two solenoids in this problem 


ANN, 


M= E where A is the cross-sectional area of the inner solenoid and / is the length of the outer solenoid. 


Inductance 30-11 


SETUP: 4 =42x10" T-m/A. Let the outer solenoid be solenoid 1. 
(42 x10’ T-m/A)z(6.00x10~ m)?(6750)(15) 
0.500 m 


EXECUTE: (a) M = =2.88x107 H=0.288 uH 


Z 


(b) £, =|—"| = (2.88x10” H)(37.5 A/s) =1.08x10% V 
Ds 


EVALUATE: If current in the inner solenoid changed at 37.5 A/s, the emf induced in the outer solenoid would be 
1.08x10° V. 


30.44. IDENTIFY: Apply E =-14 and Li=N®,. 
t 
SETUP: @, is the flux through one turn. 


EXECUTE: (a) €= “15 = =~(3.50x10" mÉ ((0.680 A)cos(zt/[0.0250 s])). 


E =(3.50x10° H)(0.680 A) ——sin(zt /[0.0250 s]) . Therefore, 
0.0250s 


=0.299 V. 


Ea = (3.50x107 H)(0.680 A) — 
0.0250s 


. -3 
O) D, = Linx _ G.50%10" H)(0.680 A) 
N 400 


=5.95x10“ Wb. 


(c) E(t) = -1 = —(3.50x10°H)(0.680 A)(z/0.0250 s)sin(zt/ 0.0250 s). 


E(t) =—(0.299 mine s"')t) Therefore, at t=0.0180s, 
E(0.0180 s) = — (0.299 V)sin((125.6 s ')(0.0180 s)) = 0.230 V . The magnitude of the induced emf is 0.230 V. 


EVALUATE: The maximum emf is when 7=0 and at this instant ®, =0. 


30.45. IDENTIFY: €=-L—. 


SET Up: During an interval in which the graph of i versus ¢ is a straight line, di/dt is constant and equal to the 
slope of that line. 

EXECUTE: (a) The pattern on the oscilloscope is sketched in Figure 30.45. 

EVALUATE: (b) Since the voltage is determined by the derivative of the current, the V versus ¢ graph is indeed 


proportional to the derivative of the current graph. 
V 


Figure 30.45 
30.46. IDENTIFY: Apply E€ =-L— 
d t 
SET UP: Fae) =—asin(ot) 
EXECUTE: (a) E= “15 = -L Lo. 124 A)cos[(240 z/s)t]. 


E = +(0.250 H) (0.124 A) (240 7 /s)sin((240 7 /s)t) = +(23.4 V) sin ((2407/s)t). 


The graphs are given in Figure 30.46. 
(b) Ex = 23.4 V; i =0, since the emf and current are 90° out of phase. 


max 


(c) ina, = 0.124 A; E =0, since the emf and current are 90° out of phase. 
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30.48. 


30.49. 


EVALUATE: The induced emf depends on the rate at which the current is changing. 


current (mA) = solid 
emf (V) = dashed 


100 


50 


-50 


—100 


Figure 30.46 


IDENTIFY: Apply €= 14 to the series and parallel combinations. 
t 


SET Up: In series, i, =i, and the voltages add. In parallel the voltages are the same and the currents add. 


EXECUTE: (a) Series: L, di +L, aes Loa gi , but 7, =i, =i for series components so is is aa and 
dt dt dt dt dt dt 
L+L =La: 
(b) Parallel: Now L, Mis L, a =La gi , where i =i, +i,. Therefore, ee H d . But di, _ Za di and 
dt dt dt dt dt d L dt 


-1 
> Lda d LE Ld 
di, _ eg di di Ladi SA T, E t, 1 , 
d Ldt d Ldt L, dt w E i 
EVALUATE: Inductors in series and parallel combine in the same way as resistors. 
IDENTIFY: Follow the steps outlined in the problem. 
SETUP: The energy stored is U =4Li’. 


EXECUTE: (a) $B-di = Hol enc) > B2Ar = [pi > B = = 
mr 


(b) d®, = BdA = Ë% Idr. 
2nr 


b % 
f dr Hl (b/a) 
r 2a 


b % 
= Z il 
(c) ®, J d®, = 


a 


(a) 1=N&» = 14 m(ja). 
i 2m 


l 


1 “2 4 2 Holi 
e) U =— Li? =—/—* In(b/a)i* == In(b/a). 
(e) Go aoe (b/a) 4z (b/a) 


EVALUATE: The magnetic field between the conductors is due only to the current in the inner conductor. 
(a) IDENTIFY and SET UP: An end view is shown in Figure 30.49. 


Apply Ampere’s law to a circular 
path of radius r. 
A fB -dl = Mol enct 


Figure 30.49 


Execute: $B-dl = B(2zr) 


I „=i, the current in the inner conductor 


encl 


Thus B(2zr) = 4i and B= aie 
2ar 
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(b) IDENTIFY and SET Up: Follow the procedure specified in the problem. 
2 


EXECUTE: u= 


2 Lo 
dU =udV, where dV =2zrl dr 


du =} lë Je oyara Ly 
24h (2ar Azar 


il podr pil 
(©) aia ies = [nr] 


.2 
U= pi (Inb ee 
4n a 


EVALUATE: The value of L we obtain from these energy considerations agrees with L calculated in part (d) of 
Problem 30.48 by considering flux and Eq.(30.6) 

2P p2 
i 


to calculate the mutual 


30.50. IDENTIFY: Apply L= NT, to each solenoid, as in Example 30.3. Use M = 
l 


1 
inductance M. 
SETUP: The magnetic field produced by solenoid 1 is confined to the space within its windings and is equal to 
HoNii 
B = 
2ar ` 


EXECUTE: (a) L= 2 : : 
2nr 2nr i, i, 2nr 2nr 


NO, 2 NA (ami ) e HN? A L.- N,® 5, = N,A c= a uN’ A 


i 4 


b) M = 


2 
N,AB, _ HN, N,A M? =| ae) 2 HoN?A MN; A 2 


i, 2ar 2nr 2nr  2ar 


EVALUATE: Ifthe two solenoids are identical, so that N, = N,, then M =L. 


30.51. IDENTIFY: U =4LI’. The self-inductance of a solenoid is found in Exercise 30.11 to be L = a 
SETUP: The length / of the solenoid is the number of turns divided by the turns per unit length. 
EXECUTE: (a) L= =e ees rm =8.89 H 
(b) L= MAN” . If æ is the number of turns per unit length, then N = ql and L = 4,Aa’l. For this coil 
a =10 coils/mm =10x10° coils/m. / = L-a ied =56.3 m. 


lAa? (4mx10” T-m/A)z(0.0200 m)’ (10x10° coils/m)? 
This is not a practical length for laboratory use. 
EVALUATE: The number of turns is N = (56.3 m)(10x10° coils/m) =5.63x10° turns. The length of wire in the 
solenoid is the circumference C of one turn times the number of turns. C = zd = 2(4.00x10~ m) =0.126 m. The 
length of wire is (0.126 m)(5.63x10°) =7.1x10* m=71 km. This length of wire will have a large resistance and 
IR electrical energy loses will be very large. 
30.52. IDENTIFY: This is an R-L circuit and i(t) is given by Eq.(30.14). 

SETUP: When too, i>i,=V/R. 
EXECUTE: (a) R= sae ae 1 =1860 Q. 

ip 6.45x107 A 


R -Rt _ -(1860 Q)(7.25x10*s) 


(b) i=; 0-7) so = -m(1-i/i) and L = © = 0.963 H. 
L n(1—i/i)  In(1-(4.86/6.45)) 
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EVALUATE: The current after a long time depends only on R and is independent of L. The value of 


R/Ldetermines how rapidly the final value of i is reached. 


IDENTIFY and SET UP: Follow the procedure specified in the problem. L = 2.50 H, R =8.00 Q, 


E=6.00 V.i=(E/R)A-e"""), r=L/R 
EXECUTE: (a) Eq.(30.9): U, =4Li7 
t=T so i =(E/R)(1-e™) =(6.00 V/8.00 Q)(1—e') =0.474 A 
Then U, =1Li? =1(2.50 H)(0.474 A)’ =0.281J 
dU, di 


= Li— 
dt dt 


(EJ et"); di Te -Ee 
R dt \L L 
P, -1(Ea-e"") |[Zer")=5 = (e AAN erty 


se, T Je te -tit -2t/r He t/t T tir 
U, =| Pidt= =f (e —e NG oe -Te Taye 


Ja 2e" rey =4( E) L(l-2e! +e”) 


) (2.50 H)(0.3996) = 0.281 J, which checks. 


Exercise 30.27 (c): P, = 


T 


0 


Lo 


| 
N 
S| 


2 
(b) Exercise 30.27(a): The rate at which the battery supplies energy is P, = Ei = (£ a r) = Ea Sen) 


á % s -tit e Aee E zl 
U; Pedt =—| (l-e at =— [t+ 76 [= EJ (t+tTe —-T) 


J 
SO mC cao 
; 


2 
x) (2.50 H)(0.3679) =0.517 J 


(c) P, =R te Ja- ety =E -2e ee") 


e T ` 
= -tle ptit = _ 2 y-3tle 
U= | Pat == a (1-26 eM) dt = — |t+2re z€ | 

2 2 
U, ZE E Sy gen ya z|- | T 2re" zer] 
R 2: 2 R 2 2 


ey a 27 (60 VY 
u,=(4) ({L)[-1+ dee? ]=[ STE | $12.50 10.3362) = 0.236 J 


(d) EVALUATE: U,=U,+U,. (0.517 J=0.236 J+0.281 J) 


The energy supplied by the battery equals the sum of the energy stored in the magnetic field of the inductor and the 


energy dissipated in the resistance of the inductor. 
IDENTIFY: This is a decaying R-L circuit with 1,=E/R. i(t)=[,e"". 


SeTUp: €=600V, R=240Q and L=0.160 H. The rate at which energy stored in the inductor is decreasing 


is iLdi/dt. 


2 
EXECUTE: (a) vata? at 3 (0.160 H)| 2 oy eure: 
2 2 (R 2400 
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30.56. 


30.57. 


30.58. 


PE E -(R/L)t di R. dU, di :2 E$ -2(R/L)t dU, Eu (60 vy’ -2(240/0.160)(4.00x10-4) _ 
(b) i=—e = i =iL— =— Ri’ =—e à =—-~——_—e = 
R dt L dt dt R dt 240 Q 


—4.52 W. 


dU, ee Ee e2 (60 vy 972(240/0.160)(4.00x10~4 =452W. 
dt R 2400 


a 20D E° L _ (60 V)°(0.160 H) 
® R R 2R 2(240 Q) 


(c) In the resistor, P, = 


=5.00x10° J, which is the same as 


2 
(d) P,(t)=R= E gany .U 
R 0 
part (a). 
EVALUATE: During the decay of the current all the electrical energy originally stored in the inductor is dissipated 
in the resistor. 


IDENTIFY and SETUP: Follow the procedure specified in the problem. +ZLi? is the energy stored in the inductor 


and q°/2C is the energy stored in the capacitor. The equation is “in-Lo 4 : 
she aha ; di qi d d > dn di di 
EXECUTE: Multiplying by —i gives ?R+Li—+4=0. LU, =—(11i*)=11—(?) =11| 2i— |=Li=, the 
NR “at C dt * al? La de A u) dt 


second term. d Ue d 


2 ¿ 
= eee (q’)= : (2q) i =f , the third term. ¿°R = P,, the rate at which 
dt dt 2C dt C 


2C) 2C dt 


electrical energy is dissipated in the resistance. ee _=P,, the rate at which the amount of energy stored in the 
t 


inductor is changing. Pe c=, the rate at which the amount of energy stored in the capacitor is changing. 
t 


EVALUATE: The equation says that P, +P, + P. =0; the net rate of change of energy in the circuit is zero. Note 
that at any given time one of P, or P, is negative. If the current and U, are increasing the charge on the capacitor 
and Uo are decreasing, and vice versa. 

IDENTIFY: The energy stored in a capacitor is U, =4Cv’ . The energy stored in an inductor is U, =4Li’. 


Energy conservation requires that the total stored energy be constant. 
SETUP: The current is a maximum when the charge on the capacitor is zero and the energy stored in the 
capacitor is zero. 


EXECUTE: (a) Initially v=16.0 V and i=0. U, =O and U, =1Cv =1(5.00x10° F)(16.0 V)? =6.40x107 J. 
The total energy stored is 0.640 mJ . 
(b) The current is maximum when q =0 and U, =0. Uc +U, =6.40x107 J so U, =6.40x107 J. 


-4 
i =6.40x107 Tadi aa C D iA, 
3.75x10° H 


EVALUATE: The maximum charge on the capacitor is Q = CV =80.0 uC. 


IDENTIFY and SETUP: Use U, =4CV¢ (energy stored in a capacitor) to solve for C. Then use Eq.(30.22) and 
@=2rf to solve for the L that gives the desired current oscillation frequency. 


EXECUTE: V, =12.0 V; U, =4CVE so C =2U,./Ve =2(0.0160 J)/(12.0 V}? =222 uF 


1 1 
S NiE ©" arC 
f =3500 Hz gives L =9.31 wH 
EVALUATE: fisin Hz and @ is in rad/s; we must be careful not to confuse the two. 
IDENTIFY: Apply energy conservation to the circuit. 
SET Up: Fora capacitor V =q/C and U =q?/2C. For an inductor U =4Li° 


~6 

EXECUTE: (a) Vax 22 Se Sap V. 
C 2.50x10" F 

(b) lie Le- so i Q oie 

2 max > 


max — = =1,55x10°A 
2C VLC ,[(0.0600 H)(2.50x10* F) 


max 


(© Unax =i = (0.0600 H)(1.55x10° A)? =7.21x10° J. 
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2 
V3/4O0 2 
(d) If ane then U, at ae =1.80x10° Jand U, = Pi. = l ) = This gives 
2 4 4 2C 2C 
q - Ro=s20x10° C. 
1 


30.59. 


30.60. 


30.61. 


2 
EVALUATE: U Li’ sE for all times. 


max “> 


IDENTIFY: Set U, =K , where K =1mv’. 
SETUP: The energy density in the magnetic field is u, = B° /2 44. Consider volume V =1 m° of sunspot 


material. 
EXECUTE: The energy density in the sunspot is u, = B’/21, = 6.366x10*J /m’. The total energy stored in 


volume V of the sunspot is U, =u,V. The mass of the material in volume V of the sunspot is m= pV. 
K =U, so mv’ =U}. Vv? =u,V . The volume divides out, and v=./2u,/p =2x10*m/s. 


EVALUATE: The speed we calculated is about 30 times smaller than the escape speed. 
IDENTIFY: i(t) is given by Eq.(30.14). 


SETUP: The graph shows V =0 at t =0 and V approaches the constant value of 25 V at large times. 
EXECUTE: (a) The voltage behaves the same as the current. Since V, is proportional to i, the scope must be 
across the 150 Q resistor. 


(b) From the graph, as t > 0, V, — 25 V, so there is no voltage drop across the inductor, so its internal resistance 


must be zero. V, =V œx (1 -e™"). When t=T, V,=V, (1-2) = 0.63V,,,,. From the graph, V =0.63V,,,. =16 V at 


max 
e 


t x 0.5 ms. Therefore 7=0.5 ms. L/R =0.5 ms gives L = (0.5 ms) (150 Q) = 0.075 H. 
(c) The graph if the scope is across the inductor is sketched in Figure 30.60. 
EVALUATE: Atall times V, +V, =25.0 V . At t=0 all the battery voltage appears across the inductor since 


i=0.At to all the battery voltage is across the resistance, since di/dt=0. 
VL 


25V 


Figure 30.60 
IDENTIFY and SET UP: The current grows in the circuit as given by Eq.(30.14). In an R-L circuit the full emf 
initially is across the inductance and after a long time is totally across the resistance. A solenoid in a circuit is 
represented as a resistance in series with an inductance. Apply the loop rule to the circuit; the voltage across a 
resistance is given by Ohm’s law. 
EXECUTE: (a) In the R-L circuit the voltage across the resistor starts at zero and increases to the battery voltage. 
The voltage across the solenoid (inductor) starts at the battery voltage and decreases to zero. In the graph, the 
voltage drops, so the oscilloscope is across the solenoid. 
(b) At t > the current in the circuit approaches its final, constant value. The voltage doesn’t go to zero because 
the solenoid has some resistance R,. The final voltage across the solenoid is JR,, where 7 is the final current in 
the circuit. 
(c) The emf of the battery is the initial voltage across the inductor, 50 V. Just after the switch is closed, the current 
is zero and there is no voltage drop across any of the resistance in the circuit. 
(d) As => œ, E-IR-IR, =0 
E=50 V and from the graph ZR, =15 V (the final voltage across the inductor), so 
IR =35 V and Z =(35 V)//R=3.5A 
(e) IR, =15 V, so R, = (15 V)/(3.5 A) =4.3 Q 


E-V,—iR=0, where V, includes the voltage across the resistance of the solenoid. 


. . E -t/t R =y 
V, =E-iR, i=—(l-e f ), so n, =e} Re a) 


ot tot 


E=50 V, R=10 Q, R,,, =14.3 Q, so when t=7, V, =27.9 V. From the graph, V, has this value when ¢ = 3.0 ms 
‘ot = 3-0 ms. Then L = (3.0 ms)(14.3 Q) = 43 mH. 


EVALUATE: At t=0 there is no current and the 50 V measured by the oscilloscope is the induced emf due to the 
inductance of the solenoid. As the current grows, there are voltage drops across the two resistances in the circuit. 


(read approximately from the graph), so t=L/R 
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We derived an equation for V,, the voltage across the solenoid. At t= 0 it gives V, =E and at t > œ it gives 

V, =ER/R,, =iR. 

IDENTIFY: At ¢=0, 7=0 through each inductor. At t > œ , the voltage is zero across each inductor. 

SET Up: In each case redraw the circuit. At t=0 replace each inductor by a break in the circuit and at £ > œ 

replace each inductor by a wire. 

EXECUTE: (a) Initially the inductor blocks current through it, so the simplified equivalent circuit is shown in 
E 50V 


Figure 30.62a. i= = = 5 70333A. V =(100 2\(0.333 A) =33.3 V. V, = (50 @)(0.333 A)=16.7 V. V, =0 


since no current flows through it. V, = V, =16.7 V, since the inductor is in parallel with the 50 Q resistor. 
A, = A, =0.333 A, A, =0. 


(b) Long after S is closed, steady state is reached, so the inductor has no potential drop across it. The simplified 


circuit is sketched in Figure 30.62b. i= €/R= a =0.385 A. V, =(100 Q)(0.385 A) =38.5 V; V, =0; 


115V 
V, =V, =50 V -38.5 V =11.5 V. i =0.385 A; i, = HS = 0.153 A: i, = = 0.2304. 


EVALUATE: Just after the switch is closed the current through the battery is 0.333 A. After a long time the 
current through the battery is 0.385 A. After a long time there is an additional current path, the equivalent 
resistance of the circuit is decreased and the current has increased. 


100.0 


it AW 
i = 0.333A 50V BO 50.0 
50V to] 1500 | 


(a) (b) 
Figure 30.62 
IDENTIFY and SET Up: Just after the switch is closed, the current in each branch containing an inductor is zero 
and the voltage across any capacitor is zero. The inductors can be treated as breaks in the circuit and the capacitors 
can be replaced by wires. After a long time there is no voltage across each inductor and no current in any branch 
containing a capacitor. The inductors can be replaced by wires and the capacitors by breaks in the circuit. 
EXECUTE: (a) Just after the switch is closed the voltage V, across the capacitor is zero and there is also no current 


through the inductor, so V} =0. V, +V, =V, =V;, and since V; =0 and V, =0, V, and V, are also zero. 


V, =0 means V, reads zero. V, then must equal 40.0 V, and this means the current read by A, is 
(40.0 V)/(50.0 Q) = 0.800 A. A, +4 +4, = 4, but A, = A, =0 so A, = A, = 0.800 A. A = A, =0.800 A; all other 


ammeters read zero. V, = 40.0 V and all other voltmeters read zero. 


(b) After a long time the capacitor is fully charged so A, =0. The current through the inductor isn’t changing, so 
V, =0. The currents can be calculated from the equivalent circuit that replaces the inductor by a short circuit, as 


shown in Figure 30.63a. 
50.0 Q 50.0 Q 


40.0 V 


Figure 30.63a 
I = (40.0 V)/(83.33 Q) = 0.480 A; A, reads 0.480 A 


V, =1(50.0 Q) = 24.0 V 

The voltage across each parallel branch is 40.0 V — 24.0 V = 16.0 V 

V, =0, V =V, =V; =16.0 V 

V, =16.0 V means A, reads 0.160 A. V, =16.0 V means A, reads 0.320 A. A, reads zero. Note that A, + A, = 4. 
(c) V; =16.0 V so Q=CV =(12.0 wF)(16.0 V) =192 uC 


30-18 


Chapter 30 


30.64. 


30.65. 


30.66. 


(d) Att=0 and to, V, =0. As the current in this branch increases from zero to 0.160 A the voltage V, reflects 


the rate of change of the current. The graph is sketched in Figure 30.63b. 
y 


4 


Figure 30.63b 


EVALUATE: This reduction of the circuit to resistor networks only apply at t= 0 and t >. At intermediate 

times the analysis is complicated. 

IDENTIFY: Atall times v, +v, =25.0 V . The voltage across the resistor depends on the current through it and the 

voltage across the inductor depends on the rate at which the current through it is changing. 

SETUP: Immediately after closing the switch the current thorough the inductor is zero. After a long time the 

current is no longer changing. 

EXECUTE: (a) i=0so v,=Oand v, =25.0 V. The ammeter reading is A=0. 

(b) After a long time, v, =Oand v, = 25.0 V. v, =iR and i= Bea DY 
R 15.0Q 

A=1.67A. 

(c) None of the answers in (a) and (b) depend on L so none of them would change. 

EVALUATE: The inductance L of the circuit affects the rate at which current reaches its final value. But after a 

long time the inductor doesn’t affect the circuit and the final current does not depend on L. 

IDENTIFY: At ¢=0, 7=0 through each inductor. At t > œ , the voltage is zero across each inductor. 

SET Up: In each case redraw the circuit. At t=0 replace each inductor by a break in the circuit and at £ > œ 

replace each inductor by a wire. 

EXECUTE: (a) Just after the switch is closed there is no current through either inductor and they act like breaks in 

the circuit. The current is the same through the 40.0 Q and 15.0 Q resistors and is equal to 


(25.0 V)/(40.0 Q+15.0 Q) = 0.455 A. A, = 4 =0.455 A; A, =A, =0. 

(b) After a long time the currents are constant, there is no voltage across either inductor, and each inductor can be 
treated as a short-circuit . The circuit is equivalent to the circuit sketched in Figure 30.65. 

I = (25.0 V)/(42.73 Q) =0.585 A . A, reads 0.585 A. The voltage across each parallel branch is 

25.0 V - (0.585 A)(40.0 Q) =1.60 V. A, reads (1.60 V)/(5.0Q)=0.320A . A, reads 

(1.60 V)/(10.0 Q) =0.160 A. A, reads (1.60 V)/(15.0 Q) = 0.107 A. 

EVALUATE: Just after the switch is closed the current through the battery is 0.455 A. After a long time the 


current through the battery is 0.585 A. After a long time there are additional current paths, the equivalent resistance 


of the circuit is decreased and the current has increased. 
40.00 


ai 


=1.67 A. The ammeter reading is 


40.00 


mvv 


25.0 V | 
—— 0 —_1 25.0 V 
15. = -— 
ifi 5.0 10.0 Q 2.73 
Q Q “9 


(i oe 


Figure 30.65 


IDENTIFY: Closing S, and simultaneously opening S, produces an L-C circuit with initial current through the 


inductor of 3.50 A. When the current is a maximum the charge q on the capacitor is zero and when the charge q is 
a maximum the current is zero. Conservation of energy says that the maximum energy + Li? „ stored in the inductor 


2 
al: max 


equals the maximum energy 4 


stored in the capacitor. 


SETUP: i 


max 


=3.50 A, the current in the inductor just after the switch is closed. 
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2: 
EXECUTE: (a) 1Li-,, == 


qaas = (VLC Dig, = (2.010 H)(5.0x10° F) (3.50 A) =3.50x10* C = 0.350 mC. 

(b) When q is maximum, i=0. 

EVALUATE: Inthe final circuit the current will oscillate. 

IDENTIFY: Apply the loop rule to each parallel branch. The voltage across a resistor is given by iR and the 
voltage across an inductor is given by L|di/ dt|. The rate of change of current through the inductor is limited. 


SETUP: With S closed the circuit is sketched in Figure 30.67a. 

The rate of change of the 
current through the inductor 
is limited by the induced 
emf. Just after the switch is 
closed the current in the 
inductor has not had time to 
increase from zero, so 

i, =0. 


E = 60.0 V 


c 


L = 0.300 H 


Figure 30.67a 


EXECUTE: (a) E- v, =0, so v,, = 60.0 V 

(b) The voltage drops across R, as we travel through the resistor in the direction of the current, so point a is at 
higher potential. 

(c) i =0 so vp, =R, =0 

E— Vr, — V; =0 so v, =E =60.0 V 

(d) The voltage rises when we go from b to a through the emf, so it must drop when we go from a to b through the 
inductor. Point c must be at higher potential than point d. 


(e) After the switch has been closed a long time, A —>0 so v, =0. Then €-v, =0 and ŁR, =E 


so i, = AA 2.40 A. 

R, 25.00 

SETUP: The rate of change of the current through the inductor is limited by the induced emf. Just after the 
switch is opened again the current through the inductor hasn’t had time to change and is still i, =2.40 A. The 


circuit is sketched in Figure 30.67b. 


EXECUTE: The current through 
R isi, =2.40 A, in the direction b 


to a. Thus 
Vab = -LR = —(2.40 A)(40.0 Q) 
Vv, =—96.0 V 


Figure 30.67b 
(f) Point where current enters resistor is at higher potential; point b is at higher potential. 
(g) V; = Vr —Ve, = 0 


Vi = Vg + Vp, 

Va =—V» = 96.0 V; vg, = LR, =(2.40 A)(25.0 Q) = 60.0 V 

Then v, = Vp +Vg, =96.0 V +60.0 V =156 V. 

As you travel counterclockwise around the circuit in the direction of the current, the voltage drops across each 
resistor, so it must rise across the inductor and point d is at higher potential than point c. The current is decreasing, 
so the induced emf in the inductor is directed in the direction of the current. Thus, v,, =—156 V. 

(h) Point d is at higher potential. 

EVALUATE: The voltage across R, is constant once the switch is closed. In the branch containing R,, just after 
S is closed the voltage drop is all across L and after a long time it is all across R,. Just after S is opened the same 


current flows in the single loop as had been flowing through the inductor and the sum of the voltage across the 
resistors equals the voltage across the inductor. This voltage dies away, as the energy stored in the inductor is 
dissipated in the resistors. 
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IDENTIFY: Apply the loop rule to the two loops. The current through the inductor doesn't change abruptly. 


3 d o ; 
SETUP: For the inductor |€|=L z and € is directed to oppose the change in current. 


EXECUTE: (a) Switch is closed, then at some later time 


£ =50.0 A/s > v; = 1 = (0.300 H) (50.0 A/s) =15.0 V. 
t t 
The top circuit loop: 60.0 V =i,R, >i, = 1.50 A. 
40.09 
The bottom loop: 60 V - R, -15.0 V =0 >i ee 1.80 A. 
25.09 


60.0 V 
b) After a long time: i, = 
(b) After a long time: i 9500 


= 2.40 A, and immediately when the switch is opened, the inductor maintains 


this current, so į =i, =2.40 A. 
EVALUATE: The current through R, changes abruptly when the switch is closed. 
IDENTIFY and SET UP: The circuit is sketched in Figure 30.69a. Apply the loop rule. Just after S, is closed, i = 0. 


After a long time i has reached its final value and di/dt = 0. The voltage across a resistor depends on i and the 
voltage across an inductor depends on di/dt. 


Figure 30.69a 


EXECUTE: (a) At time ¢=0, i, =0 so v, =i,R, =0. By the loop rule E -v,e —v., =0, so Vy =E- V, =E =36.0 V. 
(i,R =0 so this potential difference of 36.0 V is across the inductor and is an induced emf produced by the 
changing current.) 


so di ‘ di : ; 
(b) After a long time T — 0 so the potential —Z oe across the inductor becomes zero. The loop rule gives 


€-i,(R, + R)=0. 
O E 360V 

R,+R 50.02+150Q 
v =R, = (0.180 A)(50.0 Q) =9.0 V 


This pRa LA 
dt 


=0.180 A 


lo 


= (0.180 A)(150 Q)+0=27.0 V (Note that v, +v, =£.) 
(c) E z Vac ~ Veb = 0 


ip AG E) 
dt 
(feed ea 
dt R+R, jdt R+R, 

di (52 )a 
SER | L 
Integrate from t= 0, when i = 0, to ¢, when i =i, : p a = At ta = In| -i4 E (28), 

0 —i+E/(R+R,) L, #8 R+R, |, L 
so In| —i + 2 In ae ESE 
R+R, R+R, L 

int ot EMR+ Ro) | _ (=) 

ENR+R,) L 
Taking exponentials of both sides gives who tENRER) -denji and i, = £ (1er) 

EMR+R,) R+R, 
Substituting in the numerical values gives i, = ae oy PO AN 1») =(0.180 A)(I agua 5) 
50 9+150 Q 
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At t>0, i, =(0.180 A)(1—1) = 0 (agrees with part (a)). At t > œ, i, = (0.180 A)(1—0) = 0.180 A (agrees with part (b)). 
F ER, = 2 
= = 0 (pe RE) 9 QV — 1/008 
Vi. =igRy +R, ( e ) ( e ) 


Va =E-Vv,, =36.0 V-9.0 V(l-e 5) = 9.0 V(3.00+ 6" *) 
At t>0, v =0, v =36.0 V (agrees with part (a)). At t > œ, v, =9.0 V, v,, =27.0 V (agrees with part (b)). 
The graphs are given in Figure 30.69b. 


Ig “ac 
0.180 A 90V 
t t 


Figure 30.69b 
EVALUATE: The expression for i(t) we derived becomes Eq.(30.14) if the two resistors R, and R in series are 


replaced by a single equivalent resistance R, + R. 


30.70. IDENTIFY: Apply the loop rule. The current through the inductor doesn't change abruptly. 
SETUP: With S, closed, v.,, must be zero. 
EXECUTE: (a) Immediately after S, is closed, the inductor maintains the current i =0.180 A through R. The 


loop rule around the outside of the circuit yields 


v 
E+E, -iR —i,R, =36.0 V + (0.18 A)(150 Q)- (0.18 A)(150 Q)-i(50 Q) =0. p= 0.7204. 


v, = (0.72 A)(50 V) =36.0 V and v,, =0. 


OV 
(b) After a long time, v, =36.0 V, and v,, =0. Thus i, = > = Eas =0.720 A, i, =Oand i,, =0.720A. 


0 


(©) i, = 0.720 A, i,(t) = EW and ir (t) = (0.180 A) OS, 


total 
i(t) = (0.720 A) - (0.180 A)e 55 = (0.180 a)(4 ig ar ). The graphs of the currents are given in Figure 30.70. 
EVALUATE: R, is ina loop that contains just Eand R,, so the current through R, is constant. After a long time 
the current through the inductor isn't changing and the voltage across the inductor is zero. Since v.,is zero, the 


voltage across R must be zero and i, becomes zero. 


ip (A) ip (A) 
0.80 anencnnsnonensnscsnansnsnscensnensnsesnsnsnsnsesntnersosasotnsnsnresntetnensasosnnnees 
0.60 0.60 
0.40 0.40 l ; i i 
0.20 : i ; ; : 0.20 i ; ; i i : 
0.00 Lt (s) 0.00 a ee Oe ee A t(s) 
0.00 0.04 0.08 012 0.16 0.20 0.00 0.04 0.08 0.12 


0.40 

a ae SE SS 

0.00 — 
0.00 0.04 0.08 0.12 


Figure 30.70 
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IDENTIFY: The current through an inductor doesn't change abruptly. After a long time the current isn't changing 
and the voltage across each inductor is zero. 

SETUP: Problem 30.47 shows how to find the equivalent inductance of inductors in series and parallel. 
EXECUTE: (a) Just after the switch is closed there is no current in the inductors. There is no current in the 
resistors so there is no voltage drop across either resistor. A reads zero and V reads 20.0 V. 

(b) After a long time the currents are no longer changing, there is no voltage across the inductors, and the inductors 
can be replaced by short-circuits. The circuit becomes equivalent to the circuit shown in Figure 30.7 1a. 

I =(20.0 V)/(75.0 Q) =0.267 A . The voltage between points a and bis zero, so the voltmeter reads zero. 

(c) Use the results of Problem 30.49 to combine the inductor network into its equivalent, as shown in Figure 30.7 1b. 
R=75.0Q is the equivalent resistance. Eq.(30.14) says i= (€/R)(1—e“") with 

t =L/R=(10.8 mH)/(75.0 Q) =0.144 ms. €=20.0V, R=75.0Q, t=0.115 ms so 1=0.147A. 


Vg =iR = (0.147 A)(75.0Q)=11.0V. 20.0 V -V -V, =0 and V, =20.0 V-V} =9.0 V . The ammeter reads 0.147 
A and the voltmeter reads 9.0 V. 
EVALUATE: The current through the battery increases from zero to a final value of 0.267 A. The voltage across 


the inductor network drops from 20.0 V to zero. 
50.0 Q 


L 20.0 V 


25.00 


b 


(a) (b) 
Figure 30.71 


IDENTIFY: At steady state with the switch in position 1, no current flows to the capacitors and the inductors can 
be replaced by wires. Apply conservation of energy to the circuit with the switch in position 2. 

SETUP: Replace the series combinations of inductors and capacitors by their equivalents. For the inductors use 
the results of Problem 30.47. 


E_75.0V 


EXECUTE: (a) At steady state i =— =0.600A. 
R 1259 


1 1 
C, 25uF 35 uF 


s 


L, =15.0 mH +5.0 mH = 20.0 mH . The equivalent circuit is sketched in Figure 30.72a. 


(b) The equivalent circuit capacitance of the two capacitors is given by and C, =14.6 uF. 


2 


Energy conservation: z = shi . q =i VLC = (0.600 A) /(20x10° H)(14.6 x10 F) =3.24x10* C. As shown 


in Figure 30.72b, the capacitors have their maximum charge at t=T/4. 


t=1T =1(2rJIC) =F LC = SV (20%10° H)(14.6x10° F) =8.49x10 s 
EVALUATE: With the switch closed the battery stores energy in the inductors. This then is the energy in the L-C 
circuit when the switch is in position 2. 


q q max at 1/4 period 


i=0.160A Ie 


20 mH 14.6 mF t 
(a) (b) 
Figure 30.72 
IDENTIFY: Follow the steps specified in the problem. 
SETUP: Find the flux through a ring of height /, radius r and thickness dr. Example 28.19 shows that B = aa 
mr 


inside the toroid. 
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EXECUTE: (a) ®, -| saan- [ (22 )anary= Ahi dr = aih y (b/a). 
o =YP HN h noja), 
1 
A EAE E = a pw PN a 
a 2a° 27 a 


EVALUATE: A(b-—a) is the cross-sectional area A of the toroid and a is approximately the radius r, so this result 


is approximately the same as the result derived in Example 30.3. 

IDENTIFY: The direction of the current induced in circuit A is given by Lenz’s law. 

SET Up: When the switch is closed current flows counterclockwise in the circuit on the left, from the positive 
plate of the capacitor. The current decreases as a function of time, as the charge and voltage of the capacitor 
decrease. 

EXECUTE: At loop A the magnetic field from the wire of the other circuit adjacent to A is into the page. The 
magnetic field of this current is decreasing, as the current decreases. Therefore, the magnetic field of the induced 
current in A is directed into the page inside A and to produce a magnetic field in this direction the induced current 
is clockwise. 

EVALUATE: The magnitude of the emf induced in circuit A decreases with time after the switch is closed, 
because the rate of change of the current in the other circuit decreases. 

(a) IDENTIFY and SET UP: With switch S closed the circuit is shown in Figure 30.75a. 


Apply the loop rule to loops 1 and 2. 


EXECUTE: 
loop 1 
E-i,R, =0 


i, =< (independent of £) 
1 


Figure 30.75a 
loop (2) 
i di 
E-iR,-L on =0 


This is in the form of equation (30.12), so the solution is analogous to Eq.(30.14): i, = (i =e!) 
2 


(b) EVALUATE: The expressions derived in part (a) give that as t > œ, i, = À and i, = À . Since - >0 at 
1 2 


steady-state, the inductance then has no effect on the circuit. The current in R, is constant; the current in R, starts 
at zero and rises to €/R,. 
(c) IDENTIFY and SET UP: The circuit now is as shown in Figure 30.75b. 


Let t = 0 now be when S is opened. 
Att=0, i= cay 
2 
R, L 
Figure 30.75b 
Apply the loop rule to the single current loop. 


EXECUTE: —-i(R,+R,)- rË = 0. (Now A is negative.) 


Ee aR +R,) gives d. (BiR TR Jar 
dt i L 


Integrate from t= 0, when i=/, =E/R,, tot. 


j2- {2 ani ak dt and [+ ]-- =) 
b ï I L 


Taking exponentials of both sides of this equation gives i = J,e 


=(R,+Ry)t/L LE meet 


2 
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(d) IDENTIFY and SET UP: Use the equation derived in part (c) and solve for R, and E. 
EXECUTE: L=22.0H 
y? y? (120 V? 


R, =— =40.0 W gives R, =— =360 Q. 
' R P, 40.0 W 


We are asked to find R, and €. Use the expression derived in part (c). 
I, =0.600 A so €/R, =0.600 A 


i=0.150 A when ¢ = 0.080 s, so i= Ze wenn gives 0.150 A =(0.600 A)je@*®)""" 


2 
tae BR! so Ind =(R, + R,)t/L 
ae Lin4 he (22.0 H)In4 
t 0.080 s 
Then € =(0.600 A)R, = (0.600 A)(21.2 Q) =12.7 V. 
(e) IDENTIFY and SET Up: Use the expressions derived in part (a). 


360 Q =381.2 Q-360 A=21.20 


EXECUTE: The current through the light bulb before the switch is opened is i, = Pali =0.0353 A 


R, 3602 
EVALUATE: When the switch is opened the current through the light bulb jumps from 0.0353 A to 0.600 A. Since 
the electrical power dissipated in the bulb (brightness) depend on i”, the bulb suddenly becomes much brighter. 


IDENTIFY: Follow the steps specified in the problem. 

SETUP: The current in an inductor does not change abruptly. 

EXECUTE: (a) Using Kirchhoff’s loop rule on the left and right branches: 
ee: di spä di 

Left: E€- (i a anys =0> Ri, +i) car =E: 


Right: €-(i, +h)R-2=0> Ri +i,)4+ 226. 


(b) Initially, with the switch just closed, i, =0, i, = A and q, =0. 


(c) The substitution of the solutions into the circuit equations to show that they satisfy the equations is a somewhat 
tedious exercise but straightforward exercise. We will show that the initial conditions are satisfied: 


Att=0, q, = Suhi sin(@t) = E =0. 
OR OR 


i(t) = Ea —e[(2@RC)"' sin(at) + cos(a@t)] => i (0) = Ea —[cos(0)]) = 0. 


(d) When does i, first equal zero? œ = k l z =625 rad/s. 
LC (2RC) 


i,(t) =0= =e PLORO) sin(@t) + cos(@t)] => —(2@RC)" tan(wt)+1=0 and 


tan(wt) = +2@RC = +2(625 rad/s)(400 Q)(2.00 x 10° F) = +1.00. 
ot = arctan( + 1.00) = +0.785 > t= Cae 1.256x10°s. 
625 rad/s 


EVALUATE: As t>, i, >€/R, q, >0and i, >0. 


IDENTIFY: Apply L= No o calculate L. 
i 


SET Up: In the air the magnetic field is B,, = i = . In the liquid, B, = i = 
EXECUTE: (a) ®, =BA=B,A4, +B,,A,, = si “((D-dW)+ Mi (dW) = u Ni[(D -d) + Kd]. 
NỌ d d L-L 
L=——4 = y,N’[(D-d)+ Kd]=L,-L,—+L, —=L,+| t—* ld. 
MN TC ) ]=L, op TD 0 ( D 


d (= Jv, where L, = 4,N°D, and L, = Ku,N’D. 
f 0 
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(b) Using K = y,,+1 we can find the inductance for any height L = L, (1 He: 4 ; 


Height of Fluid Inductance of Liquid Oxygen Inductance of Mercury 
d=D/4 0.63024 H 0.63000 H 
d=D/2 0.63048 H 0.62999 H 
d =3D/4 0.63072 H 0.62999 H 
d=D 0.63096 H 0.62998 H 


The values y,,(O,) =1.52x10° and y, (Hg) =-2.9x10~ have been used. 


EVALUATE: (d) The volume gauge is much better for the liquid oxygen than the mercury because there is an 
easily detectable spread of values for the liquid oxygen, but not for the mercury. 

IDENTIFY: The induced emf across the two coils is due to both the self-inductance of each and the mutual 
inductance of the pair of coils. 


SETUP: The equivalent inductance is defined by E = L,, £, where € and i are the total emf and current across 


the combination. 


EXECUTE: Series: L di + L, i +M,, ah +M,, a =L, a 
dt dt dt dt “dt 
_.,.,di_ di di ate 2 di di Lee 
But i=i,+i,> Pa Ai H r and M,, =M,,=M,so (L +L, + m =La Ao L,,=1,+L,+2M. 
Parallel: We have L, di +M,, oe =L, a and L, di +M,, di =L, 2 with di H ee and M,,=M,,=M. 
dt dt “dt dt dt “dt dt dt dt 


To simplify the algebra let A -^g -2, and C -2 So LA+MB = LC, L,B + MA = LC, A+ B = C. Now 
solve for Aand B in terms of C. (L,-M)A+(M -L,)B =0 using A=C-B. (L-M)XC-B)+(M -L,)B=0. 
(M-L) 
(L M)C (Li M)B t (M L,)B =0. (2M -L —L,)B =(M-L,)C aE ELL) . 
(M-L)C _QM-L,-L,)-M+L M-L, 


But 4=C-B=C LC, or A C. Substitute Ain B back 


(2M -L -L,) (2M -L -L,) 2M-L-L, 
into original equation: 

-L M(M-L $ -M° 
HBE H ( 1) 2 C= L„C. Finally, L,, = ee ‘ 
2M-L,-L, (2M-L,-L,) 2M -L,-L, i 3 L+L, -2M 
EVALUATE: Ifthe flux of one coil doesn't pass through the other coil, so M =0, then the results reduce to those 
of problem 30.47. 
IDENTIFY: Apply Kirchhoff’s loop rule to the top and bottom branches of the circuit. 
SET Up: Just after the switch is closed the current through the inductor is zero and the charge on the capacitor is 
zero. 


M?’-LL 


C=L,,Cand 


EXECUTE: €-iR, L” =0>į = E (l ePID, E-LR, h -0> di, R, h =0>i= E e RON, 
dt R, C dt C R, 
t ' E - C)t" = C )t 
q = fidt ae ad anes) =EC(1- e"), 
wio deje ets PO So coo A 
R, R, 5000 Q 


sias 1.92 A, i = Eg? =0. A good definition of a “long time” is 


E 
As t>o: i =—(l-e” 
ee Enea ase N R, 25.02 R, 


1 
many time constants later. 
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. . E -(R,/L)t E -(1/R,C)t -(R,/L)t R -(1/R,C)t : : . 
(d) į =i, >— (l-e) = err a (1e) = te", Expanding the exponentials like 
R R, R, 
2 3 2 2 
e” =1+x+% +% +- we find: R, (2) Pts Ri 1 : H £ z= | and 
2 3! L 2\L R, RC 2R°C 
t R H a tO) = R , if we have assumed that ¢ <<1. Therefore: 
L Roe R, 
P 1 1 _{ LRC \_{( (8.0H)(5000 Q)(2.0x10° F) -1.6x10%5 
R 0/D+U0/R’C)) \L+R2C) (8.0 H+(5000 Q) (2.0x10° F)} ` l 
(e) At t=1.57x10°s: i, -E ge airy -48V q-e) =9.4x10° A. 
R 250 


1 
(£) We want to know when the current is half its final value. We note that the current i, is very small to begin with, 
and just gets smaller, so we ignore it and find: 


ip = 0,900 A =i, = a —e A/D) = (1,92 A\(l—-e A), e = 0,500 >t = Z ino) = 80 H OS) =0.22s. 
R R, 250 


1 
EVALUATE: i, is initially zero and rises to a final value of 1.92 A. i, is initially 9.60 mA and falls to zero, q, is 


initially zero and rises to q, = EC =960 uC. 


ALTERNATING CURRENT 


31.1. 


31.2. 


31.3. 


31.4. 


IDENTIFY: i=I/cosot and Im =J/ V2. 

SET UP: The specified value is the root-mean-square current; m, =0.34 A. 

EXECUTE: (a) Zm =0.34 A 

(b) T= V21 = /2(0.34 A)=0.48 A. 

(c) Since the current is positive half of the time and negative half of the time, its average value is zero. 


(d) Since /,,,, is the square root of the average of i, the average square of the current is 7}, = (0.34 A} =0.12 A? 


rms 


rms 


EVALUATE: The current amplitude is larger than its rms value. 
IDENTIFY and SET Up: Apply Eqs.(31.3) and (31.4) 


EXECUTE: (a) J =V2I/,,, = V2(2.10 A) =2.97 A. 


(b) J... ae i we 
a mT 

EVALUATE: (c) The root-mean-square voltage is always greater than the rectified average, because squaring the 

current before averaging, and then taking the square root to get the root-mean-square value will always give a 

larger value than just averaging. 

IDENTIFY and SET Up: Apply Eq.(31.5). 


EXECUTE: (a) V, eae es 


rms V2 = J2 
(b) Since the voltage is sinusoidal, the average is zero. 
EVALUATE: The voltage amplitude is larger than V ns- 


IDENTIFY: V =I/X, with X, = eo ; 
aC 
SETUP: æ is the angular frequency, in rad/s. 


rms 


(2.97 A) =1.89 A. 


=31.8V. 


EXECUTE: (a) V = IX, = = so I =VaC =(60.0 V)(100 rad/s)(2.20 x10" F) = 0.0132 A. 
(2) 


(b) 7 =VaC =(60.0 V)(1000 rad/s)(2.20x10° F) =0.132 A. 

(c) 1 =VaC =(60.0 V)(10,000 rad/s)(2.20 «10° F) =1.32 A. 

(d) The plot of log/ versus loga@ is given in Figure 31.4. 

EVALUATE: J=oVC so log/ =log(VC)+loga. A graph of log/ versus log@ should be a straight line with 
slope +1, and that is what Figure 31.4 shows. 


Log [Z] 

0.1 a 

0.5 

0.2 

0.1 È 

0.05 

0.02 

e - Log [øw] 
100 200 500 1000 2000 5000 10000 


Figure 31.4 
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31.5. IDENTIFY: V =X, with X, =aL. 
SETUP: Æ is the angular frequency, in rad/s. 
y 60.0 V 


z =0.120 A. 
@L (100 rad/s)(5.00 H) 


EXECUTE: (a) V =IX, =I@L and I = 


@b)I= Be ot” =0.0120A. 
æL (1000 rad/s)(5.00 H) 
(c) [= á 69.0.7 =0.00120 A. 


@L (10,000 rad/s)(5.00 H) 
(d) The plot of log Z versus logæis given in Figure 31.5. 


EVALUATE: [= — so log 7 = log(V /L)-logæ. A graph of log versus log@ should be a straight line with 
O. 


slope —1, and that is what Figure 31.5 shows. 
Log [7] 


Log [w] 
100 200 500 1000 2000 5000 10000 


Figure 31.5 


31.6. IDENTIFY: The reactance of capacitors and inductors depends on the angular frequency at which they are 
operated, as well as their capacitance or inductance. 
SETUP: The reactances are Xo =1/@C and X, =@L. 


: ; 1 
EXECUTE: (a) Equating the reactances gives aL = >o= 


aC VLC 


= 7560 rad/s 


; ; 1 

(b) Using the numerical values we get œ = = 

VLC (5.00 mH)3.50 uF) 

Xc = X; = æL = (7560 rad/s)(5.00 mH) = 37.8 Q 

EVALUATE: At other angular frequencies, the two reactances could be very different. 

31.7. IDENTIFY and SETUP: For a resistor v, =iR. For an inductor, v, =Vcos(@t+90°). For a capacitor, 
ve =V cos(@t —90°). 
EXECUTE: The graphs are sketched in Figures 31.7a-c. The phasor diagrams are given in Figure 31.7d. 
EVALUATE: For a resistor only in the circuit, the current and voltage in phase. For an inductor only, the voltage 
leads the current by 90°. For a capacitor only, the voltage lags the current by 90°. 


Figure 31.7a and b 
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Figure 31.7c 
I I I 
aa oes 
Ve 
resistor inductor capacitor 


Figure 31.7d 


Ma) 
oC 2nfC’ 


31.8. IDENTIFY: The reactance of an inductor is X, =@L = 27x fL . The reactance of a capacitor is Xo = 


SETUP: The frequency fis in Hz. 
EXECUTE: (a) At 60.0 Hz, X, =27(60.0 Hz)(0.450 H)=170 Q. X, is proportional to fso at 600 Hz, X, =1700 Q. 


1 


(b) At 60.0 Hz, X, = = =1.06x10° Q. X, is proportional to 1/f, so at 600 Hz, X- =106 Q. 
22(60.0 Hz)(2.50x10° F) 
1 1 1 
(c) X, =X, says 2a fL =——~ and f = = =150 Hz. 
MRNA, 27 fC 22VLC 2,/(0.450 H)(2.50x10° F) 
EVALUATE: X, increases when f increases. Xo increases when f increases. 
31.9. IDENTIFY and SET UP: Use Eqs.(31.12) and (31.18). 
EXECUTE: (a) X, =@L =27fL =27(80.0 Hz)(3.00 H) =1510 Q 
(b) X, =27 fL gives L = Ay oie =0.239H 
2af  22(80.0 Hz) 
(c) X.= boa Ho : == = 497 Q 
@C 2afC  27(80.0 Hz)(4.00x10” F) 
(d) Xc =—— gives C= L = | =1.66x10° F 
27 fC 2afX.  2n(80.0 Hz)(120 Q) 
EVALUATE: X, increases when L increases; Xo decreases when C increases. 
31.10. IDENTIFY: JV, =J/oL 
SETUP: Ææ is the angular frequency, in rad/s. f = E is the frequency in Hz. 
1 
12. 
EXECUTE: V,=J/oL sof = g UEN) =1.63x10° Hz. 


QwlL  2x(2.60x10* Ay(4.50x10~ H) 


EVALUATE: When fis increased, J decreases. 
31.11. IDENTIFY and SET Up: Apply Eqs.(31.18) and (31.19). 


EXECUTE: V =X, so X, ==- -2000 
I 0.850A 
1 1 


=1.33x10° F=13.3 uF 


Li 
Xo =—~ gives C= — = 
oC 2afXe  22(60.0 Hz)(200 Q) 


EVALUATE: The reactance relates the voltage amplitude to the current amplitude and is similar to Ohm’s law. 
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31.12. 


31.13. 


31.14. 


31.15. 


ee I, . 
IDENTIFY: Compare v, that is given in the problem to the general form v, = sen ctand determine o. 
oO 


SETUP: Xo ot Vg =İR and i= I cosa. 
oC 


1 


= =1736 Q 
@C (120 rad/s)(4.80x10° F) 


EXECUTE: (a) X, = 


(b) r-e- 7.60 V 
Xe 17360 

vg =İR = (4.38107 A)(250 Q)cos((120 rad/s) = (1.10 V)cos((120 rad/s)®). 

EVALUATE: The voltage across the resistor has a different phase than the voltage across the capacitor. 

IDENTIFY and SET UP: The voltage and current for a resistor are related by v, = iR. Deduce the frequency of the 


=4,378x10° A and i= I cosøt = (4.378x10° A)cos[(120 rad/s)t]. Then 


voltage and use this in Eq.(31.12) to calculate the inductive reactance. Eq.(31.10) gives the voltage across the 
inductor. 
EXECUTE: (a) v, = (3.80 V)cos[(720 rad/s)¢] 


Vp (328 


Vp =İR, so i= 
R 150 Q 


Jeostc720 rad/s)t] = (0.0253 A)cos[(720 rad/s)¢] 

(b) X, =a@L 

æ = 720 rad/s, L = 0.250 H, so X, = @L = (720 rad/s)(0.250 H) =180 Q 

(c) If i =I cosøæt then v, =V, cos(@t +90°) (from Eq.31.10). V, = IøÆ@L = IX, = (0.02533 A)(180 Q) = 4.56 V 

v, =(4.56 V)cos[(720 rad/s)t +90°] 

But cos(a +90°) = -sina (Appendix B), so v, =-—(4.56 V)sin[(720 rad/s)t]. 

EVALUATE: The current is the same in the resistor and inductor and the voltages are 90° out of phase, with the 
voltage across the inductor leading. 

IDENTIFY: Calculate the reactance of the inductor and of the capacitor. Calculate the impedance and use that 
result to calculate the current amplitude. 


SETUP: With no capacitor, Z =4/R° +X} and tang = = X, =OL. r=. V, =IX,and V, =R. For an 


inductor, the voltage leads the current. 
EXECUTE: (a) X, =@L = (250 rad/s)(0.400 H) =100 Q. Z = J200 QY +100 Q} =224 Q. 
V 30.0V 


(b) /=—= =0.134 A 
Z 224Q 
(c) Vp = IR =(0.134 A)(200 Q) = 26.8 V. V, = IX, =(0.134 A)(100 Q) =13.4 V. 
(d) tang = = E = Sand ¢ =+26.6°. Since gis positive, the source voltage leads the current. 


(e) The phasor diagram is sketched in Figure 31.14. 
EVALUATE: Note that V,+V_,is greater than V. The loop rule is satisfied at each instance of time but the voltages 


across R and L reach their maxima at different times. 


Figure 31.14 
IDENTIFY:  v,(f) is given by Eq.(31.8). v,(¢) is given by Eq.(31.10). 
SETUP: From Exercise 31.14, V =30.0 V, V, =26.8 V, V, =13.4 V and ¢=26.6°. 


EXECUTE: (a) The graph is given in Figure 31.15. 
(b) The different voltages are v = (30.0 V)cos(250¢+ 26.6°), v, =(26.8 V)cos(250f), 


v, = (13.4 V)cos(250¢ + 90°). At t=20 ms: v=20.5 V, v =7.60 V, v, =12.85 V. Note that v, +v, =v. 
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(c) At ¢=40 ms: v=—-15.2 V, vg =-22.49V, v, =7.29 V. Note that vp +v, =v. 
EVALUATE: [Itis important to be careful with radians versus degrees in above expressions! 


Figure 31.15 


31.16. IDENTIFY: Calculate the reactance of the inductor and of the capacitor. Calculate the impedance and use that 
result to calculate the current amplitude. 


SETUP: With no resistor, Z=./(X, —X,)° = |X, =K bl: tang = zoe: i= a X, = QL. For an 
zero oO 
inductor, the voltage leads the current. For a capacitor, the voltage lags the current. 
1 1 
EXECUTE: (a) X, = @L =(250 rad/s)(0.400 H)=100 Q. Xo = = = 667 Q. 


@C (250 rad/s)(6.00x 10° F) 


Z=|X,—X,|=|100 Q- 667 Q| =567 Q. 
_V _30.0V 


b) I=—= 
w Z 567Q 


(c) Vo = IXc = (0.0529 A)(667 Q) =35.3 V. V, = IX, = (0.0529 A)(100 Q) =5.29 V. 
X, -Xe 100 Q-6679Q 
Zero Zero 


= 0.0529 A 


(d) tang = 


œ and ø =-—90°. The phase angle is negative and the source voltage lags 


the current. 

(e) The phasor diagram is sketched in Figure 31.16. 

EVALUATE: When X, >X, the phase angle is negative and the source voltage lags the current. 
I 


Vo 


Figure 31.16 


31.17. IDENTIFY and SET UP: Calculate the impendance of the circuit and use Eq.(31.22) to find the current amplitude. 
The voltage amplitudes across each circuit element are given by Eqs.(31.7), (31.13), and (31.19). The phase angle 
is calculated using Eq.(31.24). The circuit is shown in Figure 31.17a. 


Vv No inductor means X, =0 
a R =200 Q, C =6.00x10° F, 
= i V =30.0 V, w = 250 rad/s 


Figure 31.17a 
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31.18. 


31.19. 


1 1 
@C (250 rad/s)(6.00x10° F) 
Z= [R +(X,—X,) = (200 Q) + (666.7 Q)? = 696 Q 
(b) jala 30.0 V 
Z 69%6Q 
(c) Voltage amplitude across the resistor: V, = JR = (0.0431 A)(200 Q) =8.62 V 
Voltage amplitude across the capacitor: V, = IX, = (0.0431 A)(666.7 Q) = 28.7 V 
Be Me TE Bais $ =-73.3° 
R 200 Q 


The phase angle is negative, so the source voltage lags behind the current. 
(e) The phasor diagram is sketched qualitatively in Figure 31.17b. 


EXECUTE: (a) X= = 666.7 Q 


=0.0431 A=43.1 mA 


(d) tang = 


Figure 31.17b 
EVALUATE: The voltage across the resistor is in phase with the current and the capacitor voltage lags the current 
by 90°. The presence of the capacitor causes the source voltage to lag behind the current. Note that Vp +V >V. 


The instantaneous voltages in the circuit obey the loop rule at all times but because of the phase differences the 
voltage amplitudes do not. 


IDENTIFY: v(t) is given by Eq.(31.8). v.(t)is given by Eq.(31.16). 

SET Up: From Exercise 31.17, V =30.0 V, Vz =8.62 V, V, = 28.7 V and ¢ =-73.3°. 

EXECUTE: (a) The graph is given in Figure 31.18. 

(b) The different voltage are: 

v=(30.0 V)cos(250t — 73.3°), vp, =(8.62 V)cos(2502), ve = (28.7 V)cos(250t—90°). At ¢=20 ms: 
v=-25.1 V, v,=2.45V, vo =-27.5 V. Note that vp+vo =v. 

(c) At t= 40 ms: v=—22.9 V, v, =—7.23 V, vo =—15.6 V. Note that vp +v. =v. 

EVALUATE: Itis important to be careful with radians vs. degrees! 


Figure 31.18 


IDENTIFY: Apply the equations in Section 31.3. 
SETUP: @w=250 rad/s, R=200 Q, L=0.400H, C=6.00 wF and V =30.0 V. 


EXECUTE: (a) Z= JR +(@L-1/@C)’. 
Z= (200 Q)? +((250 rad/s)(0.0400 H) —1/((250 rad/s)(6.00 x10% F)))’ =601Q 
V 30V 


b) [=—= 
0) t= 7 E 


os 1 = 
(c) d= arctan Ze a) = tal aa 2) =-—70.6°, and the voltage lags the current. 


= 0.0499 A. 


200 Q 
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(d) V, =IR = (0.0499 A)(200 Q) = 9.98 V; 
Ter. (0.0499 A) E 
@C (250 rad/s)(6.00 x10“ F) 


EVALUATE: (e) At any instant, v=v,+v.+v,. But vo and v, are 180° out of phase, so v, can be larger than v 


V, =Ia@L = (0.0499 A)(250 rad/s)(0.400 H) = 4.99 V; V, = 33.3V. 


at a value of ¢, if v, + vz is negative at that t. 
31.20. IDENTIFY: v(t) is given by Eq.(31.8). ve(t) is given by Eq.(31.16). v, (t) is given by Eq.(31.10). 
SETUP: From Exercise 31.19, V =30.0 V, V, =4.99 V, V} =9.98 V, Vo =33.3 V and ¢=-70.6°. 


EXECUTE: (a) The graph is sketched in Figure 31.20. The different voltages plotted in the graph are: 
v= (30 V)cos(250t — 70.6°), vp =(9.98 V)cos(250t), v, = (4.99 V)cos(250t + 90°) and ve = (33.3 V)cos(250t — 90°). 


(b) At ¢=20ms: v=-24.3 V, vp, =2.83 V, v, =4.79 V, vo =—-31.9 V. 
(©) At t=40 ms: v=-23.8 V, v =-8.37 V, v, =2.71V, vo =—-18.1V. 


EVALUATE: [In both parts (b) and (c), note that the source voltage equals the sum of the other voltages at the 
given instant. Be careful with degrees versus radians! 


Figure 31.20 


31.21. IDENTIFY and SET UP: The current is largest at the resonance frequency. At resonance, X, = Xo and Z =R. For 
part (b), calculate Z and use J =V /Z. 
1 


a =— 
(@) f 2aVLC 
(b) X- =1/@C =500Q2. X, =@L=1609. Z= JR HX, -X7 = (200 QY + (160 Q-500 Q} = 394.5 Q. 
I=V/Z=7.61mA. X,>X,, so the source voltage lags the current. 


EXECUTE: =113 Hz. I =V /R =15.0 mA. 


EVALUATE: @,=27 f} =710 rad/s. œ = 400 rad/s and is less than @. When @ <@,, Xo > X,. Note that Jin 
part (b) is less than / in part (a). 

31.22. IDENTIFY: The impedance and individual reactances depend on the angular frequency at which the circuit is 
driven. 


2 
SETUP: The impedance is Z =,|R° +| @L aal , the current amplitude is J = V/Z, and the instantaneous 
ip oC p 


values of the potential and current are v = V cos(œt + ø), where tan ø= (X; — Xc)/R, andi = I cos at. 


Exa l = 3162 rad/s = 
VLC /(8.00mH)(12.5 uF) 


EXECUTE: (a) Zis a minimum when øL = = which gives @ = 
Oo 

3160 rad/s and Z = R = 175 Q. 

(b) J = V/Z = (25.0 V)/(175 Q) = 0.143 A 

(c) į = I cos at = 1/2, so cosat = 4, which gives at = 60° = 7/3 rad. v = V cos(at + @), where tan ø= (X, —-Xco)/R = 


O/R =0. So, v = (25.0 V) cosa = (25.0 V)(1/2) = 12.5 V. 
vp = Ri = (175 Q)(1/2)(0.143 A) = 12.5 V. 
0.143 A 


ve = Vc cos( œt — 90°) = IXc cos( œt — 90°) = cos(60° —90°) = +3.13 V. 
am Farot i ) (3162 rad/s)(12.5 uF) ( ) 
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31.23. 


31.24. 


31.25. 


31.26. 


vr = V; cos(at + 90°) = IX; cos( at + 90°) = (0.143 A)(3162 rad/s)(8.00 mH) cos(60° + 90°). 

v, =-3.13 V. 

(d) vr + vz + ve = 12.5 V + (3.13 V) + 3.13 V = 12.5 V = Voource 

EVALUATE: The instantaneous potential differences across all the circuit elements always add up to the value of 
the source voltage at that instant. In this case (resonance), the potentials across the inductor and capacitor have the 
same magnitude but are 180° out of phase, so they add to zero, leaving all the potential difference across the 
resistor. 

IDENTIFY and SETUP: Use the equation that preceeds Eq.(31.20): V? =V} + (V, -V7 


EXECUTE: V =/(30.0 V}? + (50.0 V -90.0 V)? =50.0 V 


EVALUATE: The equation follows directly from the phasor diagrams of Fig.31.13 (b or c). Note that the voltage 
amplitudes do not simply add to give 170.0 V for the source voltage. 


IDENTIFY and SET UP: X, =@øLand Xo -L 
(A 
EXECUTE: (a) If o=a, ate then Fe en ge eee 
` ° JLC’? oC VIC CNIC ` 


(b) When @>@, X >0 
(c) When @>@,, X <0 
(d) The graph of X versus @ is given in Figure 31.24. 
EVALUATE: Z=\VR°+X° and tang=X/R. 
X 


Figure 31.24 
IDENTIFY: Fora pure resistance, P, =V aL =1;,,R. 


SETUP: 20.0 W is the average power P. 


EXECUTE: (a) The average power is one-half the maximum power, so the maximum instantaneous power is 
40.0 W. 


wine ONO 7TA 
S Va 120V 
P, 2%. 

ij E ELDE T 


I, (0.167 AY 


2 


Vrms Ved _ 020 V? 
R R 750 Q 
IDENTIFY: The average power supplied by the source is P=V,,./,,,,coS@. The power consumed in the resistance 


rms” rms 
is Polk 


EVALUATE: We can also calculate the average power as P, = = 20.0 W. 


SETUP: @=27f =27(1.25x10° Hz)=7.854x10° rad/s. X, =@L =157Q. X, = =908 Q. 
(A) 


EXECUTE: (a) First, let us find the phase angle between the voltage and the current: 
X,-X_ 157 Q-909 0 
tang = = 
R 350Q 
Z= JR +(X,-X,) = (50 Q)? + (-752 Q)? =830 Q. The average power provided by the generator is then 
(120 V}? 
830 Q 


and ø = -—65.04°. The impedance of the circuit is 


P =V alms COS(P) = Ves cos(@) = 


rms“ rms 


cos(—65.04°) = 7.32 W 
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31.27. 


31.28. 


31.29. 


31.30. 


(b) The average power dissipated by the resistor is P, = 17,,R = (aos M 


EVALUATE: Conservation of energy requires that the answers to parts (a) and (b) are equal. 
IDENTIFY: The power factor is cosø, where ø is the phase angle in Fig.31.13. The average power is given by 


2 
) (350 Q) =7.32 W. 


Eq.(31.31). Use the result of part (a) to rewrite this expression. 
(a) SETUP: The phasor diagram is sketched in Figure 31.27. 


EXECUTE: 
From the diagram 
IR R 
cos ¢ = Bunz = 
V PZ Z 


as was to be shown. 


Figure 31.27 


(b) P, =V 


s“ rms 


R Kos Vms 
coso = Vong ims (Z -( a oak But -5E = Tangs 80 Pay = Tak 
EVALUATE: Inan L-R-C circuit, electrical energy is stored and released in the inductor and capacitor but none is 
dissipated in either of these circuit elements. The power delivered by the source equals the power dissipated in the 
resistor. 


rms“ rms 


IDENTIFY and SETUP: P, =V msm COSY. Lms = l, cos¢ = Z 


00V 9 769A, cosg- 22 
< 105.Q 105 Q 


EVALUATE: Since the average power consumed by the inductor and by the capacitor is zero, we can also 
calculate the average power as P, =1} R = (0.762 A)’ (75.0 Q) =43.5 W. 


rms 


EXECUTE: I 


=0.714. P, = (80.0 V)(0.762 A)(0.714) =43.5 W. 


IDENTIFY and SET UP: Use the equations of Section 31.3 to calculate ø, Z and V». The average power 
delivered by the source is given by Eq.(31.31) and the average power dissipated in the resistor is 72, R 
EXECUTE: (a) X, =@L =2af L =22(400 Hz)(0.120 H) =301.6 Q 
PTEN ee ae 1 

€ @C 2nfC 2n(400 Hz\(7.3x10° Hz) 
X, -Xe _ 301.6 Q-54.41 Q 

R 240 Q 

(b) Z =4R° +(X, -X 0} = (240 Q} + 301.6 Q-54.51 Q)? =344 Q 
(©) Ving = LZ = (0.450 A)(344 Q) =155 V 
(d) P, = Lans ms COS = (0.450 A)(155 V)(0.697) = 48.6 W 
(e) P, =T} R = (0.450 A} (240 Q) =48.6 W 
EVALUATE: The average electrical power delivered by the source equals the average electrical power consumed 
in the resistor. 
(£) All the energy stored in the capacitor during one cycle of the current is released back to the circuit in another 
part of the cycle. There is no net dissipation of energy in the capacitor. 
(g) The answer is the same as for the capacitor. Energy is repeatedly being stored and released in the inductor, but 


no net energy is dissipated there. 
IDENTIFY: The angular frequency and the capacitance can be used to calculate the reactance Xo of the 


=54.51 Q 


tang = , so 6 =+45.8°. The power factor is cosø = +0.697. 


capacitor. The angular frequency and the inductance can be used to calculate the reactance X, of the inductor. 
Calculate the phase angle ø and then the power factor is cos ¢. Calculate the impedance of the circuit and then the 
rms current in the circuit. The average power is P, =V.,,./,,,,coS@. On the average no power is consumed in the 


rms rms 
capacitor or the inductor, it is all consumed in the resistor. 


SETUP: The source has rms voltage V = TN 31.8 V. 


V2 2 
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EXECUTE: X, =@L =(360 rad/s)(15x10° H)=5.4 Q. X, = nse : = = 794 Q. 
@C (860 rad/s)(3.5x10~ F) 
tang = gee E tk and ¢=-72.4°. The power factor is cos ¢ = 0.302. 
R 250 Q 
(b) Z =fR? +(X, - Xe} = (250 Q} + (5.4 Q-794 OQ) =827 Q. L = as yN ESA, 


82790 
P, =V, „Iņ cosø = (31.8 V)(0.0385 A)(0.302) = 0.370 W. 


rms” rms 


(c) The average power delivered to the resistor is P, = 7} R = (0.0385 A)’ (250 Q) =0.370 W. The average power 


delivered to the capacitor and to the inductor is zero. 
EVALUATE: On average the power delivered to the circuit equals the power consumed in the resistor. The 
capacitor and inductor store electrical energy during part of the current oscillation but each return the energy to the 
circuit during another part of the current cycle. 

31.31. IDENTIFY and SET UP: At the resonance frequency, Z = R. Use that V = IZ, V, = IR, V, = IX, and Vo = IXo. P, 


is given by Eq.(31.31). 
(a) EXECUTE: V =/Z = IR = (0.500 A)(300 Q) =150 V 


(b) V; =IR =150 V 

X, =@L =LOA/VLC) =VL/C =2582 Q; V, = IX, =1290 V 

Xc =1M@C) =VLIC =2582 Q; Vo = IX; =1290 V 

(c) P, =4VIcosg=4I°R, since V = IR and cos¢ =1 at resonance. 

P, =4(0.500 A)’(300 Q) =37.5 W 

EVALUATE: At resonance V, =V. Note that V, +V, >V. However, at any instant v, +v. =0. 


31.32. IDENTIFY: The current is maximum at the resonance frequency, so choose C such that œ = 50.0 rad/s is the 
resonance frequency. At the resonance frequency Z = R. 
SETUP: JV, =JaoL 


EXECUTE: (a) The amplitude of the current is given by J = a . Thus, the current will have a 


2 meen Fey) 
J? +(@L 2O 


maximum amplitude when øL = A Therefore, C = lz 1 =44.4 uF. 
aC @L (50.0 rad/s)’(9.00 H) 


(b) With the capacitance calculated above we find that Z = R, and the amplitude of the current is 


I= K = mA = 0.300 A. Thus, the amplitude of the voltage across the inductor is 


V, =I(@L) = (0.300 A)(50.0 rad/s)(9.00 H) =135 V. 
EVALUATE: Note that V, is greater than the source voltage amplitude. 

31.33. IDENTIFY and SETUP: Atresonance X, = Xo, ø =0 and Z =R. R=150 Q, L=0.750 H, 
C =0.0180 uF, V =150 V 


EXECUTE: (a) At the resonance frequency X, = X, and from tang = it we have that ø =0° and the 


power factor is cos¢ =1.00. 
(b) P, =4VIcos@ (Eq.31.31) 


At the resonance frequency Z = R, so I =5=- 
2 1 0 2 

P,=4V E a ee arth v) =75.0 W 
R R 150 Q 


(c) EVALUATE: When C and fare changed but the circuit is kept on resonance, nothing changes in 
P, =V° (2R), so the average power is unchanged: P, = 75.0 W. The resonance frequency changes but since Z = 


R at resonance the current doesn’t change. 


31.34. IDENTIFY: @, os Vo =1IX,. V =IZ. 


° JLC 


SETUP: At resonance, Z = R. 
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31.35. 


31.36. 


31.37. 


1 
VLC  „[(0.350 H)(0.0120x10° F) 


(b) V =1Z= 4c |z =| “ec |p X= 2 7 : == =5.41x10° Q. 
Xo Xe œC (1.54x10* rad/s)(0.0120x10* F) 


EXECUTE: (a) @ = =1.54x10* rad/s 


-( 550 V 
5.41x10° Q 


EVALUATE: The voltage amplitude for the capacitor is more than a factor of 10 times greater than the voltage 
amplitude of the source. 


Jao Q) =40.7 V. 


; 1 
IDENTIFY and SET UP: The resonance angular frequency is @, = X,=@L. X= oC and 
oO 


1 
VLC 
Z=\/R>+(X,-X,)’. At the resonance frequency X, =X, and Z =R. 
EXECUTE: (a) Z=R=115Q0 


1 
(b) 


Q = =1.33x10* rad/s . @ =2@, =2.66 x10" rad/s. 
(450x107 H)(1.26x10° F) 


1 1 


oC (2.66x10" rad/s)(1.25x10° F) 


X, =oL =(2.66x10* rad/s)(4.50x10° H)=120 Q. Xo = 


Z =, (115 Q} +(120 2-30 Q} =146 Q 


1 


c) @=@,/2=6.65x10° rad/s. X, =30 Q. X, =— =120 Q. Z =4(115 Q) +(30 Q -120 Q} =146 Q, the 
0 L Cc oC 


same value as in part (b). 
EVALUATE: For @=20,, X, > Xo. For @=0,/2, X, <Xe. But (X,—X;)° has the same value at these two 
frequencies, so Z is the same. 
IDENTIFY: At resonance Z =R and X, = Xo. 
1 
SETUP: @,=—=. V=IZ. V,=IR, V,=IX, and V, =V,. 


VLC 


EXECUTE: (a) @ = 


1 
VLC (0.280 H)(4.00x10° F) 


(b) Z= 1.20 A at resonance, so R= Z = K- 20y 70.6Q 

I 170A 
(c) At resonance, Vp =120 V, V, =V; =I@L =(1.70 A)(945 rad/s)(0.280 H) = 450 V. 
EVALUATE: At resonance, V, =V and V, -V, =0. 


IDENTIFY and SET UP: Eq.(31.35) relates the primary and secondary voltages to the number of turns in each. J = 


=945 rad/s. 


VIR and the power consumed in the resistive load is 72, = V2, /R. 
EXECUTE: (a) Eo a gen So LA 

V N N V, 120V 
V, 120V 
b) I, === 
OR 5000 
(c) P, = R = (2.40 A} (5.00 Q) =28.8 W 
(d) The power drawn from the line by the transformer is the 28.8 W that is delivered by the load. 


2 2 2 
poe pay = 020) 
R P, 28.8W 


av 


10 


=2.40A 


=500 Q 


2 
And (=) (5.00 Q) = (10)?(5.00 Q) =500 Q, as was to be shown. 


2 
EVALUATE: The resistance is “transformed”. A load of resistance R connected to the secondary draws the same 
power as a resistance (N,/N,)’R connected directly to the supply line, without using the transformer. 
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31.38. 


31.39. 


31.40. 


31.41. 


31.42. 
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IDENTIFY: P,=VI and P, =P, Aiki 
i " N,V; 

SETUP: JV, =120 V. V, =13,000 V. 

EXECUTE: (a) Ny VSO =108 


N V 120V 
(b) P, =V,1, = (13,000 V)\(8.50x10° A)=110 W 


(c) 1, -Ex -HOW _ 9 947 A 
V 120V 


1 
EVALUATE: Since the power supplied to the primary must equal the power delivered by the secondary, in a step- 
up transformer the current in the primary is greater than the current in the secondary. 


; V, N, ; : 
IDENTIFY: A transformer transforms voltages according to — =—. The effective resistance of a secondary 
1 1 
bes : ; R ; : y? ; 
circuit of resistance R is Re =————... Resistance R is related to P, and V by P, =—. Conservation of energy 
(N,/N,) R 
requires P, = Py so Vil, =V,I,. 


SETUP: Let V, =240 V and V, =120 V, so P,,, =1600 W. These voltages are rms. 
EXECUTE: (a) V, =240 V and we want V, =120 V, so use a step-down transformer with N,/ N, =+. 


(b) P, =VI,so I= Ex = 1600 W =6.67 A. 
V 240V 
, yV? (120 Vy . : . 
(c) The resistance R of the blower is R = — = ————_ = 9.00 ©. The effective resistance of the blower is 
P 1600W 
9.00 Q 
yE z = 36.0 Q. 
(1/2) 


EVALUATE: ZV, = (13.3 A)(120 V)=1600 W. Energy is provided to the primary at the same rate that it is 


consumed in the secondary. Step-down transformers step up resistance and the current in the primary is less than 
the current in the secondary. 
; 1 
IDENTIFY: Z=,/R?+(X,-X,)°, with X, =øL and X, =e 
(A 
SETUP: The woofer has a R and L in series and the tweeter has a R and C in series. 


EXECUTE: (a) Zwee = VR? + (1/@CY’ 


(b) Z woofer = R +(oLY 
(c) If Zweeter = Zwooter> then the current splits evenly through each branch. 
1 
d) At the crossover point, where currents are equal, R? +(1/@C?)=R?+(@L) . o=——— and 
f-2-— 
2m 2nVLC 


EVALUATE: The crossover frequency corresponds to the resonance frequency of a R-C-L circuit, since the 
crossover frequency is where X, = Xe. 


IDENTIFY and SET Up: Use Eq.(31.24) to relate L and R to ø. The voltage across the coil leads the current in it 
by 52.3°, so ø = +52.3°. 


X,-X, : : $ skid X 
EXECUTE: tang= ar Tea But there is no capacitance in the circuit so XY, =0. Thus tang = i and X, = 


Rtan g = (48.0 QO) tan52.3° = 62.10. X, =@L=2afL so L= a OS =0.124 H. 


2af  22(80.0 Hz) 
EVALUATE: ¢> 45° when (X, —X,.) >R, which is the case here. 


IDENTIFY: Z=4R°+(X,-Xo)}. Igy = a CM alt, Ves AO a Nee Vene eh: 


SET Up: V ay 


= J2 V2 


=21.2 V. 
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31.43. 


31.44. 


31.45. 


EXECUTE: (a) @=200 rad/s,so X, =@L = (200 rad/s)(0.400 H) = 80.0 Q and 


Xos ZA l z =833 Q. Z = (200 QY + (80.0 Q -833 Q)? =779 Q. 
@C (200 rad/s)(6.00 x10” F) 
a AA 


rms 


= Z 79Q 


=0.0272 A. V, reads V, 


R,rms 


= I „R = (0.0272 A)(200 Q) =5.44 V. V, reads 


V, ms = Lms X, = (0.0272 A)(80.0 Q) = 2.18 V. V, reads Vo ms = Lm Xc = (0.0272 A)(833 Q) = 22.7 V. V, reads 
aye =|V, ms Vems = [2:18 V -22.7 V|=20.5 V. V, reads V,,, =21.2 V. 
5 jms T "tm 
1 833Q 
(b) œ =1000 rad/s so X, = @L =(5)(80.0 Q) = 400 Q and Xo a cer a 167 Q. 
Qo 
Z =,|(200 Q} + (400 Q-167 Q} =307 Q. L= — = : z ~ =0.0691 A. V, reads V, „„=13.8 V. V, reads 
V, ms =27.6 V. V, reads Voms =11.5 V. V, reads |V, ms -Vo ms| =|27.6 V -11.5 V|=16.1 V. V, reads 
V2S212V; 


eee el 1 ; 
EVALUATE: The resonance frequency for this circuit is @) = vic = 645 rad/s. 200 rad/s is less than the 


resonance frequency and Xo > X,. 1000 rad/s is greater than the resonance frequency and X, > Xe. 


IDENTIFY and SET UP: The rectified current equals the absolute value of the current 7. Evaluate the integral as 
specified in the problem. 

EXECUTE: (a) From Fig.31.3b, the rectified current is zero at the same values of t for which the sinusoidal 
current is zero. At these t, cos øt =0 and wt =+7/2, +37/2,.... The two smallest positive times are 


t =2/20, t, =3a/2a. 


h 


j? idi = -Í ? Tcosatdt = -i| +s o| = -L (sin ot, —sinat,) 
t, h (a) (00) 


1 


(b) 4= 


sin of, = sin[@(z/2@)] =sin(z/2)=1 


sin ot, = sin[@(3z/2@)] = sin(37z /2) = —1 
a-(=)a (y= 
o o 


(c) Lay (ty —t,) = 21/ @ 


D= amm Zl = an which is Eq.(31.3). 

ot,-t,) @B32/20-n2/20) r 
EVALUATE: We have shown that Eq.(31.3) is correct. The average rectified current is less than the current 
amplitude J, since the rectified current varies between 0 and Z. The average of the current is zero, since it has both 
positive and negative values. 
IDENTIFY: X,=@L. P, =V nm COs 


SETUP: f=120 Hz; w=2zf. 


EXECUTE: (a) X, =oL pee 20.0 =0.332 Q 
@ 2n(120Hz) 


2 
Vo p -Vm R 
Z ZZ 


(b) Z= JR +X? = (400 9} +(2509)} =472 Q. cosg => and I... 


Vea ae [Ex = (472.0) BOON. = 658. 
R 400 Q 


V, 668 V 
EVALUATE: In = =~ 
© Z 4NA 


=1.415 A. We can calculate P, as 72 R =(1.415 A) (400 Q) =800 W, which 
checks. 

(a) IDENTIFY and SET UP: Source voltage lags current so it must be that X, > X, and we must add an inductor 
in series with the circuit. When X, =X, the power factor has its maximum value of unity, so calculate the 


additional L needed to raise X, to equal Xo. 
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31.46. 


31.47. 


31.48. 


(b) EXECUTE: power factor cos¢ equals 1 so ¢=0 and X, = X,. Calculate the present value of X.—X, to 
see how much more X, is needed: R = Zcos¢ = (60.0 )(0.720) = 43.2 Q 


tang = ae soX,—-X,.=Rtang 


cos ¢ = 0.720 gives ø = —43.95° (ø is negative since the voltage lags the current) 
Then X, -Xo =Rtang@ = (43.2 O) tan(—43.95°) = 41.64 ©. 

Therefore need to add 41.64 Q of X,. 

X, 41.649 
2af  2n(50.0 Hz) 


EVALUATE: From the information given we can’t calculate the original value of L in the circuit, just how much 
to add. When this L is added the current in the circuit will increase. 


IDENTIFY: Use V,,,, =J;,,Z to calculate Z and then find R. P, =1;,,.R 
SETUP: X,=50.0 Q 


. Vaa 240 V A S nA 2 
EXECUTE: § Z =F =379 80O JR? +X? =,/R’+(50.0Q)’. Thus, 


rms 


X, =@L=2nf Land L= = 0.133 H, amount of inductance to add. 


R= K (80.0 Qy —(50.0 Qy =62.4Q. The average power supplied to this circuit is equal to the power dissipated 

by the resistor, which is P = I% R = (3.00 A) (62.4 Q) =562 W. 

X, -X _ -5009 
R 62.40 

P, =V Lins COS P = (240 V)(3.00 A) cos(—38.7°) = 562 W, which checks. 


rms“ rms 


EVALUATE: tang= and ¢=-38.7°. 


IDENTIFY: The voltage and current amplitudes are the maximum values of these quantities, not necessarily the 
instantaneous values. 
SETUP: The voltage amplitudes are Vg = RI, V, = X,J, and Vc = Xcl, where I = V/Z and 


*+(e2-3a) 
Z=,|R° +] øL : 
aC 


EXECUTE: (a) œ= 2af= 22(1250 Hz) = 7854 rad/s. Carrying extra figures in the calculator gives X; = œL = 
(7854 rad/s)(3.50 mH) = 27.5 Q; Xc = 1/@C = 1/[(7854 rad/s)(10.0 uF)] = 12.7 Q; 

Z= R +(X, -X0)} = (50.0 Q} + (27.5 Q-12.7 OF =52.19; 

I= V/Z = (60.0 V)/(52.1 Q) = 1.15 A; Vg = RI = (50.0 Q)(1.15 A) = 57.5 V; 

Vı = XT = (27.5 Q)(1.15 A) = 31.6 V; Ve = Xcl = (12.7 Q)(1.15 A) = 14.7 V. 

The voltage amplitudes can add to more than 60.0 V because these voltages do not all occur at the same instant of 


time. At any instant, the instantaneous voltages all add to 60.0 V. 

(b) All of them will change because they all depend on ø. X; = æL will double to 55.0 Q, and Xc = 1/a@C will 
decrease by half to 6.35 Q. Therefore Z = (50.0 Q) + (55.0 Q-6.35 Q)? = 69.8 Q; I = V/Z = (60.0 V)/(69.8 Q) = 
0.860 A; Vr = IR = (0.860 A)(50.0 Q) = 43.0 V; 

V, = IX; = (0.860 A)(55.0 Q) = 47.3 V; Ve = IXc = (0.860 A)(6.35 Q) = 5.47 V. 

EVALUATE: The new amplitudes in part (b) are not simple multiples of the values in part (a) because the 
impedance and reactances are not all the same simple multiple of the angular frequency. 


1 
IDENTIFY and SETUP: X,.=—~. X,=olL. 
aC 


X L 1 
ae @L and LC s2 At angular frequency @,, — =" LC =(20,) — =4. 


EXECUTE: (a = 
ce aC O Xe 1/@,C OA 


X, > Xe 


2 
1 1 
(b) At angular frequency @,, in o LC = (2) a| KeS Xr 
Xe 3 OA 9 


EVALUATE: When ø increases, X, increases and Xo decreases. When œ decreases, X, decreases and Xo 


increases. 
(c) The resonance angular frequency @, is the value of œ for which Xo =X,, so @ =@,. 
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31.49. IDENTIFY and SET Up: Express Z and / in terms of œ, L, C and R. The voltages across the resistor and the 
inductor are 90° out of phase, so V „=V; +V/. 


out 


EXECUTE: The circuit is sketched in Figure 31.49. 


1 
X, =aL, X.=— 
L C oC 
1 2 
Z= R+(oL-—) 
aC 
pele v, 
Z 


< A > 
Vout 


Figure 31.49 


Vou = TR? +X? = IVR? +P =V, 


æ small 


2 
As @ gets small, R? (or l ) > 1 zR +o L >R 
oC aC 
Vo R? 
Therefore —— > Woe) = @RC as @ becomes small. 
o 


s 


æ large 


2 
1 
As @ gets large, R° 4 (or =] > R +L oo L, RP +02 oo LP 
o 


y, | J5 
Therefore, “ > 2- =] as w becomes large. 
V, aL 


EVALUATE: V 


out 


/V,—>0 as œ becomes small, so there is V, 


out 


only when the frequency @ of V, is large. If the 
source voltage contains a number of frequency components, only the high frequency ones are passed by this filter. 
31.50. IDENTIFY: V=V.=IX,. I=V/Z. 


SETUP: X,=@L, oo 
aC 
EXECUTE: JV,,,=V.= f Pu- : =. 
oC V @C JR? +(@L-1/@C) 
If @ is large: Vow — 1 =* l == l = 
V oC R+(oL-1JoC} ochor} (EC)@ 
If @ is small: Pay l we 1. 


V @C(iocy 2C 
EVALUATE: When ø is large, Xo is small and X, is large so Z is large and the current is small. Both factors in 
Vo =IX_ are small. When ø is small, X, is large and the voltage amplitude across the capacitor is much larger 


than the voltage amplitudes across the resistor and the inductor. 
31.51. IDENTIFY: J=V/Z and P,=4/°R. 


SETUP: Z=,/R?+(@L-1/@C) 
4 4 


EXECUTE: (a) J/=—= . 
Z JR? +(@L-locy 
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2 2 
wp, =tre=t(2) pe V?R/2 : 
2 2\Z R +(@L-1/aC) 
(c) The average power and the current amplitude are both greatest when the denominator is smallest, which occurs 
1 
for o,L =—— , S0 O, =<. 
OF aC “ JLC 
GEE (100 V} (200 Q)/2 7 250° 
avy De 2° 
(200 Q) +((2.00 H)-1/[(0.500x10°° FJ) 40,0000? +(2«* — 2,000,000) 
The graph of P, versus @ is sketched in Figure 31.51. 
EVALUATE: Note that as the angular frequency goes to zero, the power and current are zero, just as they are 
when the angular frequency goes to infinity. This graph exhibits the same strongly peaked nature as the light 
purple curve in Figure 31.19 in the textbook. 
Power 
(W) 

0.000800 

0.000600 

0.000400 

0.000200 

Angular 
0.00 frequency 
0.00 400 800 1.2 x 10 1.6 X 10° (radjs) 
Figure 31.51 
31.52. IDENTIFY: V,=J@Land V, ae 
aC 
SETUP: Problem 31.51 shows that 7 = á 
JR +(@L -1/[oC]y’ 
VoL VoL 


EXECUTE: (a) V, =/oL= = =. 
Z JR? +(oL-1aC}) 


I I 1 
oC OCZ @C,|R?+(@L-1/[oC]) 


(c) The graphs are given in Figure 31.52. 
EVALUATE: (d) When the angular frequency is zero, the inductor has zero voltage while the capacitor has 
voltage of 100 V (equal to the total source voltage). At very high frequencies, the capacitor voltage goes to zero, 


1 
VLC 


(b) Vo = 


while the inductor’s voltage goes to 100 V. At resonance, @, = = 1000 rad/s, the two voltages are equal, and 


are a maximum, 1000 V. 


Inductor voltage (V) Capacitor voltage (V) 

1000 1000 

800 800 

600 600 F 

400 400 

200 200 

0.00 Angular 0.00 i Angular 

0.00 2.00 x 10° 4.00 x 10° frequency 0.00 2.00 x 10° 4.00 x 10° frequency 


( rad/s) (rad/s) 


Figure 31.52 
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31.53. 


31.54. 


IDENTIFY: U,=4Li'. U,=4Cv’. 


SETUP: Let (x) denote the average value of the quantity x. (i) =4/° and (vz) =41V¢. Problem 31.51 shows 


that J = 4 . Problem 31.52 shows that V, = a . 
JR? +(@L -1/[@C}’ oC YR? +(@L-1/[oC]) 


2 
I 
EXECUTE: (a)U, =4Li° >{(U,)=4L(P) =L -uf ) =r, 


2 
Ue=4 > (Ua) C(t) =m =4C( 4] =4072 
(b) Using Problem 31.51a 
2 2 
fs sSt á -|= ald "m 
4 4 | JR+loL-oC?}) A(R +loL-yoC)) 


2 2 
Using Problem (31.47b): (U,,) = : CY = l A == 4 a 
4 4 @'C*(R?+(@L-YoC)') 40°C(R? +(øL-1/0C)) 
(c) The graphs of the magnetic and electric energies are given in Figure 31.53. 
EVALUATE: (d) When the angular frequency is zero, the magnetic energy stored in the inductor is zero, while the 
electric energy in the capacitor is U, = CV? / 4. As the frequency goes to infinity, the energy noted in both 


; ; : 1 
inductor and capacitor go to zero. The energies equal each other at the resonant frequency where w, = —= and 


JEC 

LV’? 

AR 

Magnetic energy (J) Electric energy (J) 
0.140 
0.120 
0.100 
0.080 
0.060 
0.040 
0.020 Angular 


0.00 frequency . 
0.00 1.00e +03 (adjs) 0.00 1.00e +03 


Figure 31.53 


Angular 
frequency 
(rad/s) 


IDENTIFY: At any instant of time the same rules apply to the parallel ac circuit as to parallel dc circuit: the 
voltages are the same and the currents add. 


SET Up: Fora resistor the current and voltage in phase. For an inductor the voltage leads the current by 90° and 
for a capacitor the voltage lags the current by 90°. 

EXECUTE: (a) The parallel L-R-C circuit must have equal potential drops over the capacitor, inductor and 
resistor, SO Vp =V; = Vç =v. Also, the sum of currents entering any junction must equal the current leaving the 
junction. Therefore, the sum of the currents in the branches must equal the current through the 

source: i =ip +1, tic. 


(b) i, = i is always in phase with the voltage. i, = aE lags the voltage by 90°, and i. = v@C leads the voltage 


by 90°. The phase diagram is sketched in Figure 31.54. 


2 2 
(c) From the diagram, I° = 1,’ +(Ie 1) =(4) [vee g ) ‘ 


pA 2 
1 
(d) From part (c): J=V A peas But J-L, so Pe : +| oC | 
R øL Z Z 
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1 . ; : : 
EVALUATE: For large ø, Z— A The current in the capacitor branch is much larger than the current in the 
o 


other branches. For small œ, Z — aL. The current in the inductive branch is much larger than the current in the 
other branches. 


Figure 31.54 


31.55. IDENTIFY: Apply the expression for / from problem 31.54 when @, =1/VLC. 


2 
SET Up: From Problem 31.54, I =V foc -5) 
R oL 


l QC : Ice =Va@C é I, so [=I, and7 is a minimum. 
VLC Ol OL 


EXECUTE: (a) At resonance, ©, 


Vis y? : ; 
(b) P, = Pa cos ġ = R at resonance where R < Z so power is a maximum. 


(c) At œ = 0, , and V are in phase, so the phase angle is zero, which is the same as a series resonance. 
EVALUATE: (d) The parallel circuit is sketched in Figure 31.55. At resonance, 


icl = |li, and at any instant of time 
these two currents are in opposite directions. Therefore, the net current between a and b is always zero. 

(e) If the inductor and capacitor each have some resistance, and these resistances aren’t the same, then it is no 
longer true that i. +i, =0 and the statement in part (d) isn’t valid. 


Figure 31.55 


31.56. IDENTIFY: Refer to the results and the phasor diagram in Problem 31.54. The source voltage is applied across 
each parallel branch. 
SETUP: V=¥2V,,,=311V 
Ve 311V 


EXECUTE: (a) J, = Ra = 0.778 A. 


(b) Ie =VaC =(311 V)(360 rad/s)(6.00 x10“ F) = 0.672 A. 


0.672 A 
0.778 A 


Io 

(c) ¢=arctan| -£ |= arctan 
Tp 

(a) 1= +22 = (0.778 A} +(0.672 A) =1.03 A. 

(e) Leads since ¢>0. 

EVALUATE: The phasor diagram shows that the current in the capacitor always leads the source voltage. 


31.57. IDENTIFY and SET Up: Refer to the results and the phasor diagram in Problem 31.54. The source voltage is 
applied across each parallel branch. 


J-s0s 


EXECUTE: (a) I, -21 =VaC;1, =<. 
QO. 


(b) The graph of each current versus œ is given in Figure 31.57a. 
(ce) a> 0:1, 9 0;I, 92%. aval, > 0;T, +0. 


At low frequencies, the current is not changing much so the inductor’s back-emf doesn’t “resist.” This allows the 
current to pass fairly freely. However, the current in the capacitor goes to zero because it tends to “fill up” over the 
slow period, making it less effective at passing charge. At high frequency, the induced emf in the inductor resists 
the violent changes and passes little current. The capacitor never gets a chance to fill up so passes charge freely. 
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31.58. 


31.59. 


1 1 
VLC |(2.0 H\(0.50x10* F) 
Figure 31.57b. 


(e) = (2) +(vec-4) : 
R aL 


2 2 
I= (e) +[aoo V)(1000 s™')(0.50x10% F) LA ) =0.50 A 


(d) o 


=1000 rad /sec and f =159 Hz. The phasor diagram is sketched in 


200 Q (1000 s™')(2.0 H) 
-1 -6 V 100V 
(£) At resonance J, = J, =Va@C = (100 V)(1000 s~ )\(0.50x10° F) = 0.0500 A and J, = E owo” 0.50 A. 
EVALUATE: At resonance i, =i, =0 at all times and the current through the source equals the current through the 
resistor. 
I(A) 


anna nanan nnnn=—— w (rad/s) 
0.00 2.00 4.00 6.00 8.00 10.0 
(a) (b) 
Figure 31.57 


IDENTIFY: The average power depends on the phase angle ¢. 


2 
; 5 1 
SETUP: The average power is Paw = VimslimscoS ¢, and the impedance is Z =,|R° + (o -Z ) ; 
oO 


EXECUTE: (a) Pay = VimslimsCOS Ø= + (Vimslims), Which gives cos ø= 4, so P= 7/3 = 60°. tan P= (X,— XC)/R, 
which gives tan 60° = (@L — 1/@C)/R. Using R = 75.0 Q, L = 5.00 mH, and C = 2.50 uF and solving for œ we get 
@= 28760 rad/s = 28,800 rad/s. 

(b) Z=./R? +(X, —X,.)°, where X, = œL = (28,760 rad/s)(5.00 mH) = 144 Q and 

Xc = 1/@C = 1/[(28,760 rad/s)(2.50 wF)] = 13.9 Q, giving Z = (75 Q) +(144 Q-13.9 QY =150 Q; 

I= V/Z = (15.0 V)/(150 Q) = 0.100 A and Px = 4 VI cos ø= 4 (15.0 V)(0.100 A)(1/2) = 0.375 W. 


EVALUATE: All this power is dissipated in the resistor because the average power delivered to the inductor and 
capacitor is zero. 
IDENTIFY: We know R, X, and ¢ so Eq.(31.24) tells us X,. Use P, =12,.R from Exercise 31.27 to calculate 


Lms Then calculate Z and use Eq.(31.26) to calculate V,,. for the source. 
SETUP: Source voltage lags current so ¢ = —54.0°. Xo =350 Q, R =180 Q, P, =140 W 
yee 


EXECUTE: (a) tang= 


X, =Rtang+X, =(180 Q)tan(—54.0°) +350 Q=-248 N+350Q=102Q 


(b) P, =V,,,,,008¢ = IŻ R (Exercise 31.27). 1, = {4 = |140 W -0.882 a 
“VR V1800 


(© Z=JR?+(X,-X¢)° = J(180 2)? +102 Q-350 Q)? =306 Q 
Vos =LimgZ = (0.882 A)(306 Q) = 270 V. 
EVALUATE: We could also use Eq.(31.31): P, =VinLms COS 
P; 140 W ; 
V ns = yo =270 V, which agrees. The source voltage lags the current when 
© Lacos (0.882 A)cos(—54.0°) 


Xc > X,, and this agrees with what we found. 
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31.60. 


IDENTIFY and SET UP: Calculate Zand J=V/Z. 
EXECUTE: (a) For œ =800 rad/s: 
Z= JR +(@L-1/aCy = (500 Q)? +((800 rad/s)(2.0 H) —1/((800 rad/s)(5.0 x107 F)))>. Z =1030Q. 
1 ; 1A 
Eor =0.0971 A. V, = IR = (0.0971 A)(500 Q) = 48.6 V, V, = = UA = 
@C (800 rad /'s)(5.0x 107 F) 


@L -1/(@C) 
R 


-Z 10300 


=243 V 


and V, = J@L = (0.0971 A)(800 rad /s)(2.00 H) =155 V. ¢ = arcan( ) = —60.9°. The graph of each 


voltage versus time is given in Figure 31.60a. 

(b) Repeating exactly the same calculations as above for @ =1000 rad/s: 

Z=R=500Q; ¢=0; I =0.200 A; V, =V =100 V; V, =V, = 400 V. The graph of each voltage versus time is 
given in Figure 31.60b. 

(c) Repeating exactly the same calculations as part (a) for @ = 1250 rad/s: 

Z = R =1030 Q; ø = +60.9°; I =0.0971 A; Vg =48.6 V; Vo =155 V; V, =243 V. The graph of each voltage 
versus time is given in Figure 31.60c. 


; 1 
EVALUATE: The resonance frequency is @, = 


=1000 rad/s. For @ < @, the phase 


1 
VLC (2.00 H)(0.500 uF) 
angle is negative and for @ > @, the phase angle is positive. 
Voltage (V) 


i i - - Time (s) 
0.00 2.00 4.00 6.00 8.00 10.0 12.0 14.0 
OV=V,p 
AVe 
OV, 
Time (s) 
0.00 2.00 4.00 6.00 8.00 10.0 12.0 14.0 
-300 i i À Á A — Time (s) 
.00 2.00 4.00 6.00 8.00 10.0 12.0 14.0 
(©) 


Figure 31.60 


Alternating Current 31-21 


31.61. IDENTIFY and SET UP: Eq.(31.19) allows us to calculate J and then Eq.(31.22) gives Z. Solve Eq.(31.21) for L. 
Vo _ 360 V 


EXECUTE: (a) V.=IX, so I =-= =0.750 A 
Xo 480Q 
(b) V =1IZ Dy ee a” =160 Q 
I 0.750A 


(Cc) Z? =R +(X, -XoF 

Xi- Xe =+VZ? —R?, so 

X, =X, 4VZ? -R° =480 Q + [160 Q} (80.0 Q}? =480 Q +139 Q 
X, =619 Q or 341 Q 


1 : 
(d) EVALUATE: X= i and X, =@L. At resonance, Xo = X,. As the frequency is lowered below the 
o 


resonance frequency Xo increases and X, decreases. Therefore, for @ < @,X, < Xo. So for X, =341 Q the 
angular frequency is less than the resonance angular frequency. @ is greater than @, when X, =619 Q. But at 
these two values of X,, the magnitude of X, -Xe is the same so Z and J are the same. In one case (X, = 691 Q) 
the source voltage leads the current and in the other (X, =341 Q) the source voltage lags the current. 


31.62. IDENTIFY and SET UP: The maximum possible current amplitude occurs at the resonance angular frequency 
because the impedance is then smallest. 
EXECUTE: (a) At the resonance angular frequency @, =1/ VLC, the current is a maximum and Z = R, giving 
Imax = V/R. At the required frequency, J = Inax/3. I = V/Z = Imax!3 = (V/R)/3, which means that Z = 3R. Squaring 
gives R? + (@L — 1/@C)’ = 9R’. Solving for æ gives @= 3.192 x 10° rad/s and w= 8.35 x 10° rad/s. 
I V 495V 


b) V =V2V... =V2(35.0 V) =49.5 V. I == = = =0.132 A. 
(b) V = V2V,,, =V2( ) an aos) 


For @ =8.35x10* rad/s: R=125Q and V, =IR=16.50; X, =@L=125Q and V, =16.5 V; 


X, = =479 Q and V. =63.2V. 
aC 


For œ =3.192x10° rad/s: R=125Q and V, =IR=16.5Q; X, =@L =479 Q and V, = 63.2 V; 


iat 108 O-anl 165 N, 
oC 


EVALUATE: For the lower frequency, Xo >X, and Vo >V,. For the higher frequency, X, > Xe and V, >V.. 
31.63. IDENTIFY and SET UP: Consider the cycle of the repeating current that lies between ¢,=7/2 and t, =37/2. In 


f iat and J? . a ! [ 


so 2I 
this interval i == (t-r). J,, = 
tT fet 27h 


37/2 
EXECUTE: J, = ! [ride =+ [°° Hog ear =| ie | 
t 4 T T TAEZ 


ri2 2 


21,\(9r? 372 rP r I 
I =| =(21)+(9-12-1+4)==(13-13)=0. 
y BE Js 28D (24o)s6 ) 4‘ ) 


be ayes tee pg TTA ; 
Lms =F) z di=—| |, é de 

3 
2 _ 4 32/2 2 _4ly i r 32 AT EY T 
Ims = T f (¢—ry dt = T? EG T) lie: ~ 373 2 zz “5 


To = lie = 


EVALUATE: In each cycle the current has as much negative value as positive value and its average is zero. i” is 
always positive and its average is not zero. The relation between /,,,, and the current amplitude for this current is 
different from that for a sinusoidal current (Eq.31.4). 
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31.64. IDENTIFY: Apply Vans =L mZ 


SET UP: a= and Z=JR +(X, -Xo%. 


1 
VLC (1.80 H)(9.00x107 F) 


EXECUTE: (a) @ = 


= 786 rad/s. 


(b) Z= JR +(@L-1/a@C). Z= (G00 Q)? +((786 rad / s)(1.80 H) —1 / ((786 rad /s)(9.00x10~ F)))? =300 Q. 
y, 60V 


Lano == =0.200 A. 
Z 3002 
4y? 
(©) We want 7 =E =" = ae _ R? + (@L-Yacy = Ym, 
2 Z (R +(@L-1/@Cy Tms 
2 2 
oL + : : 2L + R? Wns =Oand (@) L +| R? 2L Wns a =0. 
aC cC ar C Imo) C 


Substituting in the values for this problem, the equation becomes (œ)? (3.24) + œ’ (—4.27 x 10°) +1.23x10° =0. 
Solving this quadratic equation in œ we find œ’ =8.90x10° rad’ /s?° or 4.28x10° rad’/s? and 

@=943 rad/s or 654 rad/s. 

(d) (i) R =300 9, Z „a =0.200 A, |e, -@,|=289 rad /s. (i) R=30Q, 7 
Gii R=3Q, Taso =20 A, |@,-—@,|= 2.88 rad/s. 


=2A, 


@, — @,| = 28 rad/s. 


rms-0 


rms-0 
EVALUATE: The width gets smaller as R gets smaller; Z „o gets larger as R gets smaller. 


31.65. IDENTIFY: The resonance frequency, the reactances, and the impedance all depend on the values of the circuit 
elements. 


SET Up: The resonance frequency is @, =1/ VLC, the reactances are X; = œL and Xc = 1/aC, and the impedance 
is Z=R?+(X,-X,). 


EXECUTE: (a) @=1/VLC becomes — 1/2, so @ decreases by +. 


1 
V2LV2C 
(b) Since X; = æL, if L is doubled, X; increases by a factor of 2. 

(c) Since Xc = 1/@C, doubling C decreases Xc by a factor of +. 
(d) Z=/R?+(X,-X. > Z= JOR? +(2X,-4X,)’, so Z does not change by a simple factor of 2 or +. 
EVALUATE: The impedance does not change by a simple factor, even though the other quantities do. 


; V, N. s ; 
31.66. IDENTIFY: A transformer transforms voltages according to — =—. The effective resistance of a secondary 
1 1 
te : : R 
circuit of resistance R is Ruy = See 
(N,/N,) 


SeETUp: WN, =275 and V =25.0 V. 

EXECUTE: (a) V,=V,(N,/N,) =(25.0 V)(834/275) = 75.8 V 
> R — R5Q | 

om (NIN, (834/275) 

EVALUATE: The voltage across the secondary is greater than the voltage across the primary since N, > N,. The 


6Q 


(b) R 


effective load resistance of the secondary is less than the resistance R connected across the secondary. 


1 1 
VLC 


31.67. IDENTIFY: The resonance angular frequency is @ = 


and the resonance frequency is f} = 


alte 
SETUP: @, is independent of R. 

EXECUTE: (a) @,(or fy) depends only on L and C so change these quantities. 

(b) To double @,, decrease L and C by multiplying each of them by $. 


EVALUATE: Increasing L and C decreases the resonance frequency; decreasing L and C increases the resonance 
frequency. 


31.68. IDENTIFY: Atresonance, Z=R. I=V/R. V,=IR, Vo =IX, and V,=1X,. U,=41CVé and U, =}4LP. 
SETUP: The amplitudes of each time dependent quantity correspond to the maximum values of those quantities. 
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31.69. 


31.70. 


EXECUTE: (a) J= Fa á . At resonance aL -+ and J 2A 


JR +(oL-1/acy o _ 


(b) Vo =X. = i ae 
Ra,C R 
(c) V, =1X, Hae 


1 lane Sa 
d) U =- CV? = 
a ae 2 RPC 2 a 
Tess Toy 
e) U, =-LI =-L—. 
A 2 R? 
EVALUATE: At resonance V, =V, and the maximum energy stored in the inductor equals the maximum energy 


stored in the capacitor. 
IDENTIFY: Z=V/R. V,=IR, Vo =IX, and V,=IX,. U,=4CVé and U, =4LrP. 
SETUP: The amplitudes of each time dependent quantity correspond to the maximum values of those quantities. 


O, 
EXECUTE: @w=—. 


(a) [=> = = 


EVALUATE: For @<q@, Vo >V,and the maximum energy stored in the capacitor is greater than the maximum 
energy stored in the inductor. 
IDENTIFY: J=V/R.V,=IR, Vo =IX, and V,=IX,. U, =4CV¢é and U, =1LI’. 


SETUP: The amplitudes of each time dependent quantity correspond to the maximum values of those quantities. 
EXECUTE: @=2q). 


4 V 4 
(a) 1==—— == 
Z |R +2a@L-1/20,C) jeet 
4C 
A A vy [I vp 


E mE Ieee C [p29 L 
4C 4C 


L XV 
AR ey yt EAEN ; 
2 9L NCJ 9L 


R +—— R +—— 
4C 4C 


(d) V. = ter = 
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LV? 
9 L` 
2 | R+- 
4C 
EVALUATE: For @>@,, V, >V, and the maximum energy stored in the inductor is greater than the maximum 


l n 
e) U, =-Lr = 
© U, =3 


energy stored in the capacitor. 

31.71. IDENTIFY and SETUP: Assume the angular frequency @ of the source and the resistance R of the resistor are 
known. 

V, lal ol 


EXECUTE: Connect the source, capacitor, resistor, and inductor in series. Measure V, and V,. RAR 


R 
and L can be calculated. 


EVALUATE: There are a number of other approaches. The frequency could be varied until V, =V,, and then this 


frequency is equal to 1/VLC. If C is known, then L can be calculated. 


31.72. IDENTIFY: P,=V,,Jin,cos¢ and Tms =m, Calculate Z. R = Z cosġ. 


SETUP: f =50.0 Hzand w=2z/. The power factor is cos¢. 


> a *(0.560 
EXECUTE: (a) P, = Vis cosg. Z= Vis OSD U20 V) (0:560) 
Z P (220 W) 


av 


36.7 Q. 


R = Zcos¢ = (36.7 Q)(0.560) = 20.6 Q. 


(b) Z = 4R +X, X, =VZ? -R =[86.7 Q} - (20.6 Q}? =30.4.Q. But ø =0 is at resonance, so the inductive 
a 1 ; 
and capacitive reactances equal each other. Therefore we need to add X, =30.4 Q9. Xo = ae therefore gives 
O 


1 1 1 


C= = = =1.05x10“ F. 
aX. 2afX, 2a(50.0 Hz)(30.4 Q) 
2 2 
(c) At resonance, P, = Ea MEN 699 W. 
R 20.69 
EVALUATE: P =I? ,R and Z is maximum at resonance, so the power drawn from the line is maximum at 
resonance. 
31.73. IDENTIFY: “oh pti. ps 
15. > Pr - Ph ap ike 


SETUP: i=Icosat 
EXECUTE: (a) p, =i R=I’ cos’ (at)R =V,I cos’ (at) = svi +cos(2@t)). 

lpr Vl pt Veler i 
P (R) = A pidt = Í, (I+ cos(2er))dt = -fl = Vel. 
(b) p, = us =-aLI cos(at)sin(at) = -4V,Isin(2ot). But P sin(2at)dt = 0 > P (L) =0. 
(c) pe = a = vi =V_Isin(@t)cos(@t) =4V_Isin(2et). But p sin(2at)dt = 0 > P (C) =0. 
(d) p= Pr +P, +p. =V pl cos (@t)-}V,Isin(20t)+}V-Isin(20t) and 


p =I cos(@t)\(V; cos(at) —V, sin(@t)+V,.sin(wt)). But cos¢ = i and sing = i — , SO 


p =VI cos(@t)(cos gcos(@t) —sin øsin(æœt)), at any instant of time. 
EVALUATE: At an instant of time the energy stored in the capacitor and inductor can be changing, but there is no 
net consumption of electrical energy in these components. 


dV, dV 


31.74. IDENTIFY: JV, =IX,. =0 atthe w where V, isa maximum. Vo = IXc. =0 at the œ where V, is a 


maximum. 


SETUP: Problem 31.51 shows that J = E 


JR? +(@L-1/acy 


EXECUTE: (a) V =maximum when V, =V, > @=a@ = 


1 
VLC 


Alternating Current 31-25 


31.75. 


(b) V, =maximum when ay, = (0. Therefore: mY, =0= KoL : 
do do do JR? +(@L-1/ Cy 
2 z 2 
0= ue ya LE DUL O) R24 (@L-1/@Cy =a (P -1/0'C?) . 
JR?+(@L -1/aCy (R? +(@L -1/ @C)’y! 
272 
1 
o oC @ 2 LC-R°C /2 
(c) Vo =maximum when als = 0. Therefore: gie =0= g 4 ; 
do do do| oC JR +(@L-1/@CY 
2 2 
= 4 PU eR EA A R +(@L-1/@Cy =- (L -1/0'C?). 
CSR +(@L-1/aCy  C(R’+(@L -1/@C)’) 
2 
R +o L r =—@ L and o= COF 
Ç LC 2P 
R? peep 28 2 3P 
C 


EVALUATE: V, is maximum at a frequency greater than the resonance frequency and Xo is a maximum at a 


frequency less than the resonance frequency. These frequencies depend on R , as well as on L and on C. 
IDENTIFY: Follow the steps specified in the problem. 
SETUP: [In part (a) use Eq.(31.23) to calculate Z and then 7 =V /Z. gis given by Eq.(31.24). In part (b) let 


Z=R+iX. 
EXECUTE: (a) From the current phasors we know that Z = JR +(@L-1/@C)’. 


1 
(1000 rad/s)(1.25x10° F) 


Z= | Q} + (aow rad/s)(0.50 H) ) =500 Q. 


je ONY pow: 
Z 5002 


oL c] (1000 rad/s)(0.500 H) —1 / (1000 rad/s)(1.25x10° 2) Bere 
z Í 


. ģ =arctan 
400 Q 


(b) d= arctan{ 


1 
(1000 rad/s)(1.25x 10 F) 


(©) Za. =R+ {ot 4} Zo. = 400 o(a rad/s)(0.50 H) ) = 400 Q -300 Qi. 


o 


Z= J400 QY +(-300 Q}? =500 Q. 


V 200 V 8+6i 
(d) Ton = = + -( 
Z (400-3001) Q \ 25 


cpx. 
Im) _ 6/25 
Re(I,,.) 8/25 


cpx 
8+ 67 
(f) V reo a LR = l 25 


Ja = (0.320 A) + (0.240 A)i. I = 3 (£) =0.400 A. 


(©) tang =0.75 > $= +36.9°. 


) (400 Q) = (128+96i)V. 


Vo =H pOL = (3€) (1000 rad/s)(0.500 H) = (—120+160i) V. 
I, j 
Vg pe a : —— =(+192—256i) V. 
oC 25 J (1000 rad/s)(1.25x10° F) 
(8) Vox =V reps +V repe + Meo = (128 + 96i) V +(—120 +1601) V +(192 — 2567) V = 200 V. 


EVALUATE: Both approaches yield the same value for Z and for ¢. 


ELECTROMAGNETIC WAVES 


32.1. IDENTIFY: Since the speed is constant, distance x = ct. 
SETUP: The speed of light is c =3.00x10* m/s . 1 yr =3.156x10’ s. 
x  3.84x10° m = 
3.00x10° m/s 
(b) x= ct =(3.00x10* m/s)(8.61 yr)(3.156x10" s/yr) =8.15x10'° m=8.15x10" km 


EVALUATE: The speed of light is very great. The distance between stars is very large compared to terrestrial 
distances. 
32.2. IDENTIFY: Since the speed is constant the difference in distance is cAt. 


EXECUTE: (a) ¢ 1.28 s 


SET Up: The speed of electromagnetic waves in air is c =3.00x10* m/s. 
EXECUTE: A total time difference of 0.60 us corresponds to a difference in distance of 
cAt = (3.00 10° m/s)(0.60x10° s) =180 m. 


EVALUATE: The time delay doesn’t depend on the distance from the transmitter to the receiver, it just depends on 
the difference in the length of the two paths. 
32.3. IDENTIFY: Applyc= få. 


SETUP: c=3.00x10° m/s 
c _3.0x10°m/s 


EXECUTE: (a) f = = 6.0x10* Hz. 
© A 5000 m 
, 8 
(b) f = c _3.0x10° m/s = 60x10" Hz. 
* À 5.0m 
c  3.0x10° m/s B 
c =6.0x10" Hz. 
O A 5.0x10°m 
. c 3.0x10° m/s ig 
d =6.0x10° Hz. 
y A 5.0x10° m 
EVALUATE: fincreases when J decreases. 


32.4. IDENTIFY: c= fdAand k= = 


SETUP: c=3.00x10° m/s. 


EXECUTE: (a) f=5.UVA: 7.50x10" Hz to 9.38x10 Hz. UVB: 9.38x10"* Hz to 1.07x10" Hz. 


(b) k= . UVA: 1.57x10’ rad/m to 1.96x10’ rad/m . UVB: 1.96107 rad/m to 2.2410’ rad/m. 


EVALUATE: Larger 4 corresponds to smaller f and k. 
32.5. IDENTIFY: c=f2. Ex =CByy- K=2a/A. o=20f. 
SET UP: Since the wave is traveling in empty space, its wave speed is c =3.00x10* m/s. 


a 8 
EXECUTE: (a) f= Ë- ors 
` A 432x10" m 


(b) E nax = CB aax =(3.00x10° m/s)(1.25x10% T) =375 V/m 


=6.94x10“ Hz 


32-1 


32-2 Chapter 32 


(c) k= 2 z Zen =1.45x10" rad/m . @ = (27 rad)(6.94x10"* Hz) =4.36x10" rad/s. 
A 432x10" m 
E=E,,,, cos(kx — at) = (375 V/m)cos([1.45x10" rad/m]x -[4.36x10" rad/s]#) 
B = B „ cos(kx — at) = (1.25x10° T)cos([1.45x10" rad/m]x -[4.36 x10" rad/s]t) 
EVALUATE: The cos(kx -— æt) factor is common to both the electric and magnetic field expressions, since these 
two fields are in phase. 
32.6. IDENTIFY: c=/2. Ex =cB,,,,. Apply Eqs.(32.17) and (32.19). 
SET Up: The speed of the wave is c =3.00x10° m/s. 
c _ 3.00x10* m/s 


EXECUTE: (a) f =—=———~— =6.90x10" Hz 
~ A 435x107 m 
3 
(b) B = Hm = 2:-70x107 Vim _ 9 99x10? T 
c 3.00x10° m/s 


(c) k = =F 144x107 rad/m. @ = 22 f =4.34x10" rad/s. If E(z, t) =iE,,,. cos(Az + œt) , then 


B(z, t)= 7B... cos(kz + æt) , so that E x B will be in the -k direction. 


E(z, t) =î(2.70x10° V/m)cos([1.44x10" rad/s)z +[4.34x10"° rad/s]¢) and 
B(z, t)=—j(9.00x10-” T)cos([1.44 x10" rad/s)z +[4.34 10" rad/s]f) . 
EVALUATE: The directions of E and B and of the propagation of the wave are all mutually perpendicular. The 
argument of the cosine is kz + æt since the wave is traveling in the —z-direction . Waves for visible light have very 
high frequencies. 

32.7. IDENTIFY and SET UP: The equations are of the form of Eqs.(32.17), with x replaced by z. B is along the y-axis; 
deduce the direction of E. 
EXECUTE: @=22f =27(6.10x10" Hz) =3.83x10" rad/s 


2m 2af _@ _3.83x10" rad/s 
A c c 3.00x10° m/s 
Bax =5.80x10* T 


max 


E,,,. =cB,,,. =(3.00x10* m/s)(5.80x10* T) =1.74x10° V/m 


max 


k =1.28x10" rad/m 


B is along the y-axis. E xB is in the direction of propagation (the +z-direction). From this we can deduce the 
direction of E, as shown in Figure 32.7. 


E is along the x-axis. 


Figure 32.7 


Ë = E icos(kz—at) = (1.74x10° V/m)i cos[(1.28 x10" rad/m)z — (3.83 10'5 rad/s)t] 
B =B,,,,joos(kz — ot) = (5.80x10~ T) jcos[(1.28 x10 rad/m)z — (3.83 x10" rad/s}t] 
EVALUATE:  E and B are perpendicular and oscillate in phase. 
32.8. IDENTIFY: For an electromagnetic wave propagating in the negative x direction, E = E x cos(kx+ at). o=22f 
aid RS” ee ieR 
A f 


SETUP: The wave specified in the problem has a different phase, so E =—E,,,, 
k =1.99x10' rad/m and @ =5.97x10" rad/s. 


sin(kx+ øt). E =375 V/m, 


max 


E 
EXECUTE: (a) Bax = =1.25 wT. 
c 
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32.9. 


32.10. 


32.11. 


(b) f= 5~=9.50x10" Hz. a= 2 =3.16x107 m=316 nm. T =- =1.05x10" s. This wavelength is too short 
m ! 


to be visible. 
(© c= fA =(9.50x10" Hz)(3.16x107 m) =3.00x10* m/s. This is what the wave speed should be for an 


electromagnetic wave propagating in vacuum. 


EVALUATE: c=fA= (2 \ 2z) = - is an alternative expression for the wave speed. 
1 


IDENTIFY and SET Up: Compare the E(y, t) given in the problem to the general form given by Eq.(32.17). Use 
the direction of propagation and of E to find the direction of B. 

(a) EXECUTE: The equation for the electric field contains the factor sin(ky — æt) so the wave is traveling in the 
+y-direction. The equation for E(y, t) is in terms of sin(ky—at) rather than cos(ky—@f); the wave is shifted in 
phase by 90° relative to one with a cos(ky—t) factor. 

(b) E(y,t) =-(.10x10° V/m)k sin[ky — (2.65 10" rad/s)¢] 

Comparing to Eq.(32.17) gives œ = 2.65x10" rad/s 

_2nc _ 2n(2.998x10* m/s) 


5 =7.11x10* m 
(2.65x10^ rad/s) 


w= Inf = so A 


(c) 
ExB must be in the +y- 

z x direction (the direction in 
which the wave is traveling). 
When E is in the -z-direction 
then B must be in the —x- 
direction, as shown in 
Figure 32.9. 


Figure 32.9 


_ 2m œ _ 2.65x10" rad/s 
A c  2.998x10° m/s 
Ej, = 3.10105 V/m 
5 
Then B,,. = Ex _ 3-10x10 in 
c 2.998 x10" m/s 
Using Eq.(32.17) and the fact that B is in the -i direction when E is in the —k direction, 


B =-(1.03x10° T)i sin[(8.84x10° rad/m)y — (2.6510 rad/s)t] 


k =8.84x10° rad/m 


=1.03x10° T 


EVALUATE: Æ and B are perpendicular and oscillate in phase. 
IDENTIFY: Apply Eqs.(32.17) and (32.19). f=c/Aand k=27/2. 


SETUP: The wave in this problem has a different phase, so B,(z, t) = B mx sin(kx + af). 
EXECUTE: (a) The phase of the wave is given by kx + æt , so the wave is traveling in the —x direction. 
2n Inf = ke _ (1.38x10* rad/m)(3.0x10* m/s) 


A e` 27 27 
(c) Since the magnetic field is in the +y -direction, and the wave is propagating in the —x -direction, then the 


=6.59x10" Hz. 


(b) k= 


electric field is in the +z -direction so that E x B will be in the —x -direction. 
E(x, t)=+cB(x, t)k = cB sin(kx + ot)k. 
E(x, t) = (c(3.25x10° T))sin( (1.38 x10* rad/m)x + (4.14 x10" rad/s)t)k. 


E(x, t)=+(2.48 V/m)sin((1.38x10* rad/m)x + (4.14 x10" rad/s)t)k. 

EVALUATE: Æ and B have the same phase and are in perpendicular directions. 

IDENTIFY and SETUP: c= fA allows calculation of A. k =27/A and w=27/f. Eq.(32.18) relates the electric 
and magnetic field amplitudes. 

c _ 2.998x10* m/s 


= =36l1m 
f  830x10° Hz 


EXECUTE: (a) c=fAsod= 
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32.12. 


32.13. 


32.14. 


32.15. 


32.16. 


(©) o=2af =(27)(830x10° Hz) =5.22x10° rad/s 

(d) Eq.(32.18): E ax = CB ax = (2.998 x 10° m/s)(4.82 x10°"' T) = 0.0144 V/m 

EVALUATE: This wave has a very long wavelength; its frequency is in the AM radio braodcast band. The electric 
and magnetic fields in the wave are very weak. 

IDENTIFY: £,,,, = CBr 


SETUP: The magnetic field of the earth is about 10* T. 
_E _3.85x10° V/m 
c 3.00x10° m/s 


EVALUATE: The field is much smaller than the earth's field. 
IDENTIFY and SETUP: v= fA relates frequency and wavelength to the speed of the wave. Use Eq.(32.22) to 


EXECUTE: B =1.28x10"' T. 


calculate n and K. 
vo 2.17x10* m/s 


EXECUTE: (a) 4=— ao =3.81x10” m 
f 5.70x10" Hz 
8 
pe ae DS i ak 
f 5.70x10" Hz 
7 8 
das c _2.998x10° m/s -138 


2.17 x108 m/s 
(d) n=,/KK,, ~ VK so K =n’ =(1.38}? =1.90 
EVALUATE: In the material v<c and/ is the same, so / is less in the material than in air. v<c always, so n is 
always greater than unity. 
IDENTIFY: Apply Eq.(32.21). Emax =CcBua. V= fA. Apply Eq.(32.29) with u = K, fy in place of 4h. 
SETUP: K =3.64. K,,=5.18 

c _ (3.00x10° m/s) _ 
VKK,,  ((B.64)(5.18) 
v _ 6.91x10' m/s 


(b) er een 710610 m. 
. Z 


Oe Ea e V/m 
v 6.9110’ m/s 
(a) I= Eg: Bid (T2010 V/m)(1.04x10™ T) 
2K nko 2(5.18) Ly 
EVALUATE: The wave travels slower in this material than in air. 
IDENTIFY: J=P/A. 1=46cE.,.. Enx =cB 


ma max * 


EXECUTE: (a) v= 6.91x10’ m/s. 


=1.04x10" T. 


=5.75x10° W/m’. 


SET Up: The surface area of a sphere of radius ris A=4zr?. & =8.85x10°” C’/N-m’. 
P —— (0.05)(75 W) 
A 4r(3.0x10° m) 


2 
a — Oa O EY aS h0 Win Be a a a1 yi 
(8.8510? C?/N-m?)(3.00x10* m/s) c 


EVALUATE: At the surface of the bulb the power radiated by the filament is spread over the surface of the bulb. 
Our calculation approximates the filament as a point source that radiates uniformly in all directions. 


IDENTIFY and SET Up: The direction of propagation is given by Ex B . 
EXECUTE: (a) S =ix(—j)=-k. 

(b) S = jxi =k. 

© S=(-k)x(-i) = j. 

(da) S =ix(-k)=j. 


EVALUATE: In each case the directions of E , B and the direction of propagation are all mutually perpendicular. 


EXECUTE: (a) /= 


= =330 Wim’. 


(b) Enx = 


C 
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32.17. IDENTIFY: ŒE =cB,,.. ExB is in the direction of propagation. 


max max 


SETUP: c=3.00x10° m/s. E, =4.00 V/m. 


EXECUTE: Bax = Emax / c=1.33x10°T. For E in the +x-direction, Ex B is in the +z-direction when B isin 
the +y-direction. 
EVALUATE: Æ, B and the direction of propagation are all mutually perpendicular. 

32.18. IDENTIFY: The intensity of the electromagnetic wave is given by Eq.(32.29): I = +6,cE. n = cE}, The total 
energy passing through a window of area A during a time t is ZAt. 
SETUP: € =8.85x10 F/m 
EXECUTE: Energy = 6,cE2,, At =(8.85x10 F/m)(3.00x10° m/s)(0.0200 V/m)?’ (0.500 m?)(30.0 s) =15.9 uJ 
EVALUATE: The intensity is proportional to the square of the electric field amplitude. 

32.19. IDENTIFY and SETUP: Use Eq.(32.29) to calculate /, Eq.(32.18) to calculate B, and use J =P.,/4zr’ to 


calculate P 


av’ 


max ? 


(a) EXECUTE: I=} E; Ena =0.090 V/m, so Z =1.1x10° W/m? 


(b) Epas = CB rax SO Borax = Epa /C=3.0x10™ T 

(c) P, =1(4zr’) =(1.075x10° W/m’)(477)(2.5x10° m)? =840 W 

(d) EVALUATE: The calculation in part (c) assumes that the transmitter emits uniformly in all directions. 
32.20. IDENTIFY and SETUP: J=P,,/Aand I =e,cE. 


rms* 


EXECUTE: (a) The average power from the beam is P, = JA = (0.800 W/m’)(3.0 x10* m’)=2.4x1074 W. 


I 0.800 W/m? 

ge | (8.85x10°? F/m)(3.00x10* m/s) 
EVALUATE: The laser emits radiation only in the direction of the beam. 

32.21: IDENTIFY: J=P,/A 
SETUP: Ata distance r from the star, the radiation from the star is spread over a spherical surface of area 
A=4nr’. 
EXECUTE: P, =1(4r?) =(5.0x10° W/m’)(4z)(2.0x10" m} =2.5 x10" J 
EVALUATE: The intensity decreases with distance from the star as 1/7’. 

32.22. IDENTIFY and SETUP: c=//, E,,, =cB,,,,and [= E,.. Boa, /2LMp 


8 
Execute: (a) f= 2 =2:00%10 mys _ 947x108 Hz. 
7 A 0.354m 


En, _ 0.0540 V/m 
(b) Brax = z = 8 [ 
c  3.00x10° m/s 
E xB, .0540 1.80x10" T 
(c) I = Si = max — max = (0 V/m)( x ) 
2 Lp 24 
EVALUATE: Alternatively, J = Łe cE}. 


32.23. IDENTIFY: P, =JAand I =16cE... 


(b) Ems = 


=17.4 V/m 


=1.80x10° T. 


=3.87x10° W/m’. 


SET Up: The surface area of a sphere is 4 =4zr’. 


2 8 
EXECUTE: P,=5,A=| Aa |(4nr2). Epa = |E = [OOO WG-00 W/S) 12.0 V/m, 
2c My 2ar 27(5.00 m) 


E,,, 12.0 V/m 


=4.00x10° T. 


B max > 8 
c 3.00 x10" m/s 
EVALUATE: Ea and Baa are both inversely proportional to the distance from the source. 


32.24. IDENTIFY: The Poynting vector is § = E x B. 
SETUP: The electric field is in the +y-direction, and the magnetic field is in the +z-direction. 
cos’ ø =+(1+cos2¢) 
EXECUTE: (a) S=ExB= (-j) xk =-i. The Poynting vector is in the —v-direction, which is the direction of 
propagation of the wave. 
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32.25. 


32.26. 


32.27. 


32.28. 


E(x, t)B(x, t) E „B E „B : 
O DBO 1D) _ Ena Bnax cos?’ (kx + at) = D mx (1 + cos(2(wt + kx))). But over one period, the 


Ho Lo My 


(b) S(x, t)= 


‘ ; E xB aA 
cosine function averages to zero, so we have S,, =—™“—™. , This is Eq.(32.29). 
Ho 
EVALUATE: We can also show that these two results also apply to the wave represented by Eq.(32.17). 


IDENTIFY: Use the radiation pressure to find the intensity, and then P, = [(4zr’). 
s I 
SETUP: Fora perfectly absorbing surface, pa =— 
€ 


EXECUTE: p,,, =1/c so I =cp„a =2.7010° W/m’. Then 
P, =1(4ar?) = (2.70 x10° W/m?)(47)(5.0 m}? =8.5x10° W. 
EVALUATE: Even though the source is very intense the radiation pressure 5.0 m from the surface is very small. 


IDENTIFY: The intensity and the energy density of an electromagnetic wave depends on the amplitudes of the 
electric and magnetic fields. 


SET Up: Intensity is Z = P,,/ A, and the average power is Paw = 2//c, where I =+} cE} . The energy density is 


max 


u=6E’. 


2 
EXECUTE: (a) / = P,/A = 216,000 kus = 0.00201 W/m’. Pa = 2I/c = 2(0.00201 au ma 1.34 x10"! Pa 
27 (5000 m) 3.0010* m/s 
(b) [= F6CE ja. gives 
2 
7 2 AAO OUZON ) - o3NIc 
eC (8.85 x 107 C’/N -m”)(3.00x10* m/s) 


Bmax = Emax/¢ = (1.23 N/C)/(3.00 x 108 m/s) = 4.10 x 10° T 


E 
(c) u=6E°, so u,, =§(E„) and Eny = == 


, SO 
V2 


2 -12 2N. m2 2 
cient (8.85 x10- C7/N-m’)(1.23 N/C}? E E 
2 2 
(d) As was shown in Section 32.4, the energy density is the same for the electric and magnetic fields, so each one 
has 50% of the energy density. 
EVALUATE: Compared to most laboratory fields, the electric and magnetic fields in ordinary radiowaves are 
extremely weak and carry very little energy. 
IDENTIFY and SET UP: Use Eqs.(32.30) and (32.31). 


EXECUTE: (a) By Eq.(32.30) the average momentum density is 2 EE 
c 
dp _ 0.78x10° Wim’? 


dV (2.998 x10" m/s}? =8.7x10" kg/m’ -s 


w _ Z _0.78x10° W/m? 


c c 2998x10° m/s 
EVALUATE: The radiation pressure that the sunlight would exert on an absorbing or reflecting surface is very 
small. 

IDENTIFY: Apply Eqs.(32.32) and (32.33). The average momentum density is given by Eq.(32.30), with S 
replaced by S,,=/. 


SETUP: 1 atm=1.013x10° Pa 


(b) By Eq.(32.31) the average momentum flow rate per unit area is =2.6x10° Pa 


2 
EXECUTE: (a) Absorbed light: Paa = ees Wim =8.33 x10“ Pa. Then 
c 3.0x10° m/s 
-6 
Pra = era Pa §9.23x10"" atm. 
1.013x10° Pa/atm 
2: 
(b) Reflecting light: pP a = af = ae Wn ) =1.67 x10% Pa. Then 
“——e  3.0x10° m/s 


1.67107 Pa 


= =1.65x107° atm. 
Pos “7 013x10° Pa/atm 
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32.29. 


32.30. 


32.31. 


32.32. 


32.33. 


2 
(c) The momentum density is ges Sw mE wan 5 = 2.78 x10" kg/m’ -s. 
dV œ (3.0x10° m/s) 


EVALUATE: The factor of 2 in p,,, for the reflecting surface arises because the momentum vector totally reverses 


direction upon reflection. Thus the change in momentum is twice the original momentum. 
IDENTIFY: Apply Eq.(32.4) and (32.9). 


SET Up: Eq.(32.26) is S=6,cE” . 


2 
EXECUTE: ay a p f = fa Ee= =e A |£- EB = aE u 
Joto = Mo Mo 


EVALUATE: We can also write S = ee E a S can be written solely in terms of E or solely in terms of B. 


IDENTIFY: The electric field at the nodes is zero, so there is no force on a point charge placed at a node. 
SETUP: The location of the nodes is given by Eq.(32.36), where x is the distance from one of the planes. 
A=clf. 


8 
EXECUTE: AX odes = R EL LE =0.200 m = 20.0 cm. There must be nodes at the planes, which 


nods 2 2f  2(7.50x10° Hz) 
are 80.0 cm apart, and there are two nodes between the planes, each 20.0 cm from a plane. It is at 20 cm, 40 cm, 
and 60 cm from one plane that a point charge will remain at rest, since the electric fields there are zero. 
EVALUATE: The magnetic field amplitude at these points isn’t zero, but the magnetic field doesn’t exert a force 
on a stationary charge. 
IDENTIFY and SET Up: Apply Eqs.(32.36) and (32.37). 
EXECUTE: (a) By Eq.(32.37) we see that the nodal planes of the B field are a distance 4/2 apart, so 
A/2=3.55 mm and 4=7.10 mm. 
(b) By Eq.(32.36) we see that the nodal planes of the E field are also a distance 2/2 =3.55 mm apart. 
(c) v= fA=(2.20x10" Hz)(7.10x10° m) =1.56x10* m/s. 


EVALUATE: The spacing between the nodes of E is the same as the spacing between the nodes of B. Note that 
v<c, as it must. 
IDENTIFY: The nodal planes of E and B are located by Eqs.(32.26) and (32.27). 

c _ 3.00x10° m/s 


SETUP: 2=<=——"—"* - 400m 
f  75.0x10° Hz 


EXECUTE: (a) Ax -4 = 2.00 m. 


(b) The distance between the electric and magnetic nodal planes is one-quarter of a wavelength, so is 
A Ax 200m 
4 2 2 
EVALUATE: The nodal planes of B are separated by a distance 4/2 and are midway between the nodal planes of E. 


=1.00 m 


(a) IDENTIFY and SET Up: The distance between adjacent nodal planes of B is 4/2. There is an antinodal plane 


of B midway between any two adjacent nodal planes, so the distance between a nodal plane and an adjacent 
antinodal plane is 4/4. Use v= fA to calculate 4. 
v 2.10108 m/s 


EXECUTE: 4=—=————_— = 0.0175 m 
f  1.20x10" Hz 


ZOOTI 438x10” m = 4.38 mm 
(b) IDENTIFY and SETUP: The nodal planes of E are atx=0, 2/2, A, 34/2, ..., so the antinodal planes of E 
are at x= 1/4, 34/4, 51/4, .... The nodal planes of B areat x= A/4, 341/4, 5A/4,..., so the antinodal planes 


of B areat 2/2, A, 3A/2,.... 


EXECUTE: The distance between adjacent antinodal planes of E and antinodal planes of B is therefore 
A/4=4.38 mm. 


(c) From Eqs.(32.36) and (32.37) the distance between adjacent nodal planes of E and B is 2/4=4.38 mm. 
EVALUATE: The nodes of E coincide with the antinodes of B, and conversely. The nodes of B and the nodes 


of E are equally spaced. 
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32.34. IDENTIFY: Evaluate the derivatives of the expressions for E(x, t) and B_(x, t) that are given in Eqs.(32.34) and 
(32.35). 


ô . ô. ô ; ô : 
SETUP: —sinkx=kcoskx , Oe Ae ne a OS 
x t X t 


CEt) a Spat ô . 
EXECUTE: (a) 2 = —_(-2E,,,,, Sinkx sin wt) = —(-2kE max COSkxsin œt) and 
Ox Ox Ox 
OE, (x, t) o OE (x, t) 
= 2k E a sinkxsin œt = — 2E „p sinkxsin øt = stare Deccan 
ôx? max ce max & Mo a t? 
2 2 
Similarly: 2 BG, D 2 z (-2B max COS kx cos @t) = E (42k sin kx cos wt) and 
x x 
B(x, t 7 EB (x, t 
oR) =2k’B.,. coskxcos at = 2 a cos kx cos wt = €L EC 
ox c ôt 
OE, (x, t ; ‘ . 
(b) maD = E 2E pa sin kxsin ot) = —2kE pax COS kx sin at . 
x x 
OE (x, t ; E : : 
PEN = ae cos kxsin at = -—@2—coskxsin ot =—@2B.,,,, coskxsin at . 
Ox c c 
OE (x, t 
E00) = +228, cos kx cos æt) = ERAN 
Ox ôt ôt 
Similarly: at = ZOB cos kx cos wt) = —2kB,,,, SIN kx cos wt . 
x x 
zee COR... sin kx cos wt = -2 eR sinkxcosat . 
ox c c 
_ OBAx, t) = OE, (x, t) 


= —E Lh Ø2E nax SIN kx cos wt = € Lho E sin kxsin Øt) = € Lh 
Ox ôt ôt 


EVALUATE: The standing waves are linear superpositions of two traveling waves of the same k and @ . 
32.35. IDENTIFY: The nodal and antinodal planes are each spaced one-half wavelength apart. 


SETUP: 2+ wavelengths fit in the oven, so (24)Aa = L, and the frequency of these waves obeys the equation fA = c. 
EXECUTE: (a) Since (24)A=L, we have L = (5/2)(12.2 cm) = 30.5 cm. 
(b) Solving for the frequency gives f = c/A = (3.00 x 10% m/s)/(0.122 m) = 2.46 x 10° Hz. 
(c) L = 35.5 cm in this case. (24) =L, so 2=2L/5 = 2(35.5 cm)/5 = 14.2 cm. 

f= clA= (3.00 x 10° m/s)/(0.142 m) = 2.11 x 10° Hz 
EVALUATE: Since microwaves have a reasonably large wavelength, microwave ovens can have a convenient size 
for household kitchens. Ovens using radiowaves would need to be far too large, while ovens using visible light 


would have to be microscopic. 
32.36. IDENTIFY: Evaluate the partial derivatives of the expressions for E(x, t) and B.(x, t). 


SET UP: Z sin-o) = kcos(kx- øt), £ sin(kx — wat) = —æ@ cos( kx — at) . 2 cos(kx — wt) = —ksin(kx - at), 
X X 


Ž cos — ct) = øsin(kx — at) 


EXECUTE: Assume Ë -= E „jsin(kx-øt)and B = B „ksin(kx — at + 9), with —2 <ø <m. Eq. (32.12) is 


ôE, eke 
5 2 =H 2 . This gives kE ax cos(kx — ot) =+@B,,,, cos(kx — ot +Ø) , so Ø =0 , and kE ax = OB max , SO 
X t 
ôE, 
E ax Sepi = A B nax = JOB nax = CBr Similarly for Eq.(32.14), arch =€L,— gives 
k 27/0 ox ôt 
KB „ax COS(KX — Ot + Ø) = —E Lh OE nax COS(kx — ot) , so P=Oand kB nax = ELE max 5 SO 
Bo = el = Pts ioe 7 Tep = SR 
k c22/o c c 


EVALUATE: The E and B fields must oscillate in phase. 
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32.37. IDENTIFY and SET UP: Take partial derivatives of Eqs.(32.12) and (32.14), as specified in the problem. 


OE 
EXECUTE: Eq.(32.12): — ge 
Ox ôt 
. ô . ; . — CE, @B ôB O, 
Taking — of both sides of this equation gives 7 =-——=., Eq.(32.14) says -— =€ >, Taking — of 
S at NEN aap age apg ey © ox 
2 OE, FE 2 OE, OE 
both sides of this equation gives p P, = € k ——., So en! P, . But — = — (The order in 
Ox otox Otox € My OX Oxot otox 
2 2 2 2 
which the partial derivatives are taken doesn't change the result.) So B, = bee 5, and £ 5. = & 4h 2 2 ; 
ôt E4 Ox Ox ôt 


as was to be shown. 
EVALUATE: Both fields, electric and magnetic, satisfy the wave equation, Eq.(32.10). We have also shown that 


both fields propagate with the same speed v=1/,/e fl. 


32.38. IDENTIFY: The average energy density in the electric field is u,,, =+€,(E’),, and the average energy density in 


the magnetic field is u, ., = 5 Pa : 
0 


SET UP: (cos? (kx - ot)) =t, 


av 


2 


max ° 


EXECUTE: E(x, f) =E x COS(kx — Of). Up = FE, = $6 Eng, COS (kx — ot) and uy w =FOE, 


BAX, t) = B nax COS(kxX — Wt) , SO Uy = l pg = |p cos*(kx —@t) and u, = lp © E nax = CB max > 
24o 2u m A 


0 0 
1 i 25 
> SO Up ay =~—B, 


© Ho 2m 


a! ,2 p2 ENA 
Up w =76C Bax C= 


max 


which equals u, w. 


; 1 
EVALUATE: Our result allows us to write u, =2u,,, =46E.,, and Up =2U,,, = zy Bmx . 
l l Mo 


32.39. IDENTIFY: The intensity of an electromagnetic wave depends on the amplitude of the electric and magnetic 
fields. Such a wave exerts a force because it carries energy. 
SETUP: The intensity of the wave is J = P,,/A=+6,cE.,., and the force is F = P,A where P, =I/c. 
EXECUTE: (a) J = Pyy/A = (25,000 W)/[42(575 m)’] = 0.00602 W/m? 
27 | 2(0.00602 W/m’) 
c (8.85 x107"? C?/N -m7)(3.00 x10° m/s) 


Bmax = Emax! = (2.13 N/C)/(68.00 x 108 m/s) = 7.10 x 10° T 


(©) F =P „A = (I/c)A = (0.00602 W/m’)(0.150 m)(0.400 m)/(3.00 x 10° m/s) = 1.20 x 10°? N 
EVALUATE: The fields are very weak compared to ordinary laboratory fields, and the force is hardly worth 
worrying about! 


(b) 1 = 346 cE,, 


max ? 


so Ena = =2.13 N/C. 


32.40. IDENTIFY: c=f4. E,,,=cB 


ma: max 


; ae vod 
< 1=46cE..,, . For a totally absorbing surface the radiation pressure is —. 
c 


SETUP: The wave speed in air is c =3.00x10° m/s. 


c 3.00x10 m/s 
EXECUTE: (a a eo A 
@s A 3.84x10° m 
b) B = En 135 va 
c 3.00x10° m/s 


(c) I =46,cE.,, =4(8.854x107 C*/N-m*)(3.00x 10° m/s)(1.35 V/m}? = 2.42 x10° W/m? 


-3 2 2 
EA ET E IA 7 (2.42 x10 2a )(0.240 m^) 
c 3.00x10° m/s 


EVALUATE: The intensity depends only on the amplitudes of the electric and magnetic fields and is independent 
of the wavelength of the light. 


=7.81x10° Hz 


=4.50x10”° T 


=1.94x10 N 
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32.41. 


32.42. 


32.43. 


(a) IDENTIFY and SET Up: Calculate / and then use Eq.(32.29) to calculate E a and Eq.(32.18) to calculate B nax- 


P 3.20x10° W 


= -z = 652 W/m’. 
A #(1.25x10™ m) 


EXECUTE: The intensity is power per unit area: I = 


2 


I= =a s 80 Fn =f 2Mycl 


Mol 
E ax = J47 x107” T -m/A)(2.998x10ë m/s)(652 W/m’) = 701 V/m 
Boete MVA aT 
c  2.998x10° m/s 
EVALUATE: The magnetic field amplitude is quite small. 
(b) IDENTIFY and SET UP: Eqs.(24.11) and (30.10) give the energy density in terms of the electric and magnetic 


field values at any time. For sinusoidal fields average over E* and B? to get the average energy densities. 


EXECUTE: The energy density in the electric field is u, =4¢,E”. E = E cos(kx—ot) and the average value of 


cos’(kx — af) is +. The average energy density in the electric field then is 


Up ay = 4 & Laux = 4 (8-854 x10 C?/N-m*)(701 V/m}? =1.09x10% J/m°. The energy density in the magnetic field 
2 2 -6 2 
is up = 2 . The average value is uz = Bax AxN eas 1.09x10° J/m’. 
2 Ly i 4u, 4A(4rx10 T-m/A) 


EVALUATE: Our result agrees with the statement in Section 32.4 that the average energy density for the electric 
field is the same as the average energy density for the magnetic field. 
(c) IDENTIFY and SET Up: The total energy in this length of beam is the total energy density 


Uw = Ug gy Upa = 2-18x10° J/m* times the volume of this part of the beam. 
EXECUTE: U =u,,LA=(2.18x10° J/m*)(1.00 m)z(1.25x10° m} =1.07x10™' J. 
EVALUATE: This quantity can also be calculated as the power output times the time it takes the light to travel L = 


1.00 m: U -°(=) =(3.20x10° Waa 
C 2.998x10° m/s 


IDENTIFY: Use the gaussian surface specified in the hint. 


=1.07x107"' J, which checks. 


SETUP: The wave is in free space, so in Gauss’s law for the electric field, Qı =0 and gE .dA=0. Gauss’s law 


encl 
for the magnetic field says $B -dA=0 
EXECUTE: Use a gaussian surface such that the front surface is ahead of the wave front (no electric or magnetic 


fields) and the back face is behind the wave front, as shown in Figure 32.42. $E -dA = E,A= Gover =0,s0 E =0. 
Eo 


$B-dA=B, A=0and B, =0. 


EVALUATE: The wave must be transverse, since there are no components of the electric or magnetic field in the 
direction of propagation. 


wave front 


Figure 32.42 


; ree ; I 
IDENTIFY: J=P./A. Foran absorbing surface, the radiation pressure is p,,; =— 
c 


SETUP: Assume the electromagnetic waves are formed at the center of the sun, so at a distance r from the center 
of the sun J =P /(4zr’). 
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32.44. 


32.45. 


32.46. 


32.47. 


26 
EXECUTE: (a) At the sun’s surface: J = fi 2X0 W 


= - + =6.4x10' W/m’ and 
4zR° 4r(6.96x10° m) 


_1I_ 64x10" W/m? 
3.00x10° m/s 

(b) Halfway out from the sun’s center, the intensity is 4 times more intense, and so is the radiation pressure: 

I =2.6x10* W/m’ and p,,, = 0.85 Pa. At the top of the earth’s atmosphere, the measured sunlight intensity is 

1400 w/ m? =5x10° Pa, which is about 100,000 times less than the values above. 

EVALUATE: (b) The gas pressure at the sun’s surface is 50,000 times greater than the radiation pressure, and 


halfway out of the sun the gas pressure is believed to be about 6x10" times greater than the radiation pressure. 
Therefore it is reasonable to ignore radiation pressure when modeling the sun’s interior structure. 


Paa =0.21 Pa. 


max * 


IDENTIFY: Tai I=1&cE? 
ASTY 


SETUP: 3.00x10* m/s 
3 
EXECUTE: J ae a 
A 360m 
pa (Le 2(77.8 W/m") 
my Aee  \(8.854x10- C?/N-m7)(3.00x 10° m/s) 


EVALUATE: This value of Ea is similar to the electric field amplitude in ordinary light sources. 


=77.8 Wim’. 


=242 N/C. 


IDENTIFY: The same intensity light falls on both reflectors, but the force on the reflecting surface will be twice as 
great as the force on the absorbing surface. Therefore there will be a net torque about the rotation axis. 
SETUP: Fora totally absorbing surface, F = P,A = (I/c)A, while for a totally reflecting surface the force will be 


twice as great. The intensity of the wave is J =+¢,cE~,,. Once we have the torque, we can use the rotational form 


ax * 
of Newton’s second law, t= a, to find the angular acceleration. 
FE A 


ieg 
EXECUTE: The force on the absorbing reflector is Fay, = Pa 4 =(/c)A= mal leAE n 
c 


For a totally reflecting surface, the force will be twice as great, which is ¢,cE.,, . The net torque is therefore 
Tre = Fren (L/2) — Fraps (L/2) = QAE ax L14 


max 


Newton’s 2" law for rotation gives t,,, = Ja. €,AE2,,L/4 =2m(L/2)a 


max 


y (8.85 x107? C?/N -m° )(0.0150 m)? (1.25 N/C)? 
Solving for æ gives æ =€,AE,,,. /(2mL) = 
(2)(0.00400 kg)(1.00 m) 


EVALUATE: This is an extremely small angular acceleration. To achieve a larger value, we would have to greatly 
increase the intensity of the light wave or decrease the mass of the reflectors. 


IDENTIFY: For light of intensity Z, incident on a totally absorbing surface, the radiation pressure is 


=3.89x107 rad/s” 


; ; , Kas ; 21I 
Pradabs = Las . For light of intensity Z „n incident on a totally reflecting surface, P narn =E . 
c 
SETUP: The total radiation pressure is Pua = Pradabs + Praaren © Laps = WL aNd Len =(1- w) 
I 21 I 21-w)l (2-wyl 
EXECUTE: (a) Prad = Prad,abs + Pradzet = H wi = á H ( es = ( w : 
c c c c c 


p ; k ; 2I ; i 
(b) (i) For totally absorbing w =1 s0 p,,, = 2 . (ii) For totally reflecting w = 0 so p „a =—. These are just equations 
c Ë 


32.32 and 32.33. 


_ (2-0.9)(1.40x 10° W/m’) 


(c) For w=0.9 and J =1.40x10° W/m’, p =5.13x10° Pa. For w=0.1 and 


i 3.00x10° m/s 
2 2 
1 =1.40x10° W/m’, ape ci ee Wit) aaa Pa. 
3.00 x10° m/s 


EVALUATE: The radiation pressure is greater when a larger fraction is reflected. 
IDENTIFY and SET Up: In the wire the electric field is related to the current density by Eq.(25.7). Use Ampere’s 


law to calculate B. The Poynting vector is given by Eq.(32.28) and the equation that follows it relates the energy 


flow through a surface to S. 
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32.48. 


32.49. 


EXECUTE: (a) The direction of E is parallel to the axis of the cylinder, in the direction of the current. From 
Eq.(25.7), E = pJ = pI / za’. (E is uniform across the cross section of the conductor.) 
(b) A cross-sectional view of the conductor is given in Figure 32.47a; take the current to be coming out of the page. 


Apply Ampere’s law to a 
circle of radius a. 

$B-dl = B(27a) 

I =L 


encl 


Figure 32.47a 


ae: ; I 
$B-di = Ilol aa Zives B(27a)= 4] and B= Ho 
2ra 


The direction of B is counterclockwise around the circle. 
(c) The directions of E and B are shown in Figure 32.47b. 


The direction of S= EEKE 
Mo 
is radially inward. 


mag) 
Lo Lho \ aa’ )\ 2ra 


Figure 32.47b 


(d) EVALUATE: Since Sis constant over the surface of the conductor, the rate of energy flow P is given by S 
I? IT” l 

times the surface of a length / of the conductor: P = SA = S(2zal) = ne 7 (2zal) = p z- But R= L so the 

ma ma ma 


result from the Poynting vector is P = RI’. This agrees with P, = I?R, the rate at which electrical energy is being 


dissipated by the resistance of the wire. Since § is radially inward at the surface of the wire and has magnitude 
equal to the rate at which electrical energy is being dissipated in the wire, this energy can be thought of as entering 
through the cylindrical sides of the conductor. 

IDENTIFY: The intensity of the wave, not the electric field strength, obeys an inverse-square distance law. 
SETUP: The intensity is inversely proportional to the distance from the source, and it depends on the amplitude 
of the electric field by Z = Sw = 16 cE max: 


Biase Pie point at 20.0 cm (0.200 m) from the source is 50 times closer to 


the source than a point that is 10.0 m from it. Since J œ 1/7? and (0.200 m)/(10.0 m) = 1/50, we have Jo.20 = 50° Lio. 
Since E. œ VI , we have Eo20 = 50E10 = (50)(1.50 N/C) = 75.0 N/C. 


max 


EXECUTE: Since J = 46,cEmax’, E 


EVALUATE: While the intensity increases by a factor of 50° = 2500, the amplitude of the wave only increases by 
a factor of 50. Recall that the intensity of any wave is proportional to the square of its amplitude. 


d®, 


IDENTIFY and SET Up: The magnitude of the induced emf is given by Faraday’s law: |e | =|——+|. To calculate 


d®,/dt we need dB/dt at the antenna. Use the total power output to calculate / and then combine Eq.(32.29) and 
(32.18) to calculate Bax 
EXECUTE: ©®, =B2R*, where R = 0.0900 m is the radius of the loop. (This assumes that the magnetic field is 
dB 


dt 


. The time dependence of B is given by Eq.(32.17). 


uniform across the loop, an excellent approximation.) lE | =mR? 


B = B nax CoS(kx — @t) so 


s = Bg. @Sin(kx — øt) 
dt 


The maximum value of is Brax, SO |E| = TRB p0. 


max 


R =0.0900 m, w =27 f =27(95.0x10° Hz) =5.97x10° rad/s 
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32.50. 


32.51. 


32.52. 


32.53. 


Calculate the intensity / at this distance from the source, and from that the magnetic field amplitude B nax: 


3 2 2 
=- = 50x10 W _ 700x10 Wim. I=2m = CP) E p 
4azr" 4a(2.50x10" m) 24C 24C 2M 


= -4 2 
Thus B.. = [211 - pare T-m/A)(7.00%107 Wim”) _ 5 4 10° 7. Then 
c 2.998x10ë m/s 


[E| ax = TR’ Bax = 7 (0.0900 my’ (2.42 x10 T)(5.97 x10* rad/s) = 0.0368 V. 


EVALUATE: An induced emf of this magnitude is easily detected. 

IDENTIFY: The nodal planes are one-half wavelength apart. 

SETUP: The nodal planes of B are at x = 1/4, 34/4, 51/4, ..., which are 4/2 apart. 

EXECUTE: (a) The wavelength is 2 = c/f = (3.000 x 10% m/s)/(110.0 x 10° Hz) = 2.727 m. So the nodal planes 
are at (2.727 m)/2 = 1.364 m apart. 

(b) For the nodal planes of E, we have 4, = 2L/n, so L = nd/2 = (8)(2.727 m)/2 = 10.91 m 

EVALUATE: Because radiowaves have long wavelengths, the distances involved are easily measurable using 
ordinary metersticks. 

IDENTIFY and SET Up: Find the force on you due to the momentum carried off by the light. Express this force in 
terms of the radiated power of the flashlight. Use this force to calculate your acceleration and use a constant 
acceleration equation to find the time. 

(a) EXECUTE: p,,, =1/c and F = p,,,A gives F =IA/c=P,,/c 


a, =F /m=P,, (me) =(200 W)/{(150 kg)(3.00x 10° m/s)] =4.44x10° m/s? 


Then x—x, =V%,f+4a,t? gives t=./2(x—x,)/a, = /2(16.0 m)/(4.44x10° m/s”) =8.49x10* s=23.6 h 
EVALUATE: The radiation force is very small. In the calculation we have ignored any other forces on you. 

(b) You could throw the flashlight in the direction away from the ship. By conservation of linear momentum you 
would move toward the ship with the same magnitude of momentum as you gave the flashlight. 

IDENTIFY: P, =JAand 1=46,cE,,,.. Eng, =CB 


max max 


SET Up: The power carried by the current jis P=Vi. 


A 5 
EXECUTE: I= Px =tecE’ and Epa 2E gl A aa A) =6.14x10* V/m. 
A Age \ Age \ (100 m?)e,(3.00x10* m/s) 


Ex _ 6.14x10* V/m 


B = = 

pee i= 3.00 x 10° m/s 

(5.00x10° V)(1000 A) 
100 m° 


=2.05x10~ T. 


EVALUATE: J=Vi/A= 


=5.00x10° W/m’. This is a very intense beam spread over a 


large area. 

IDENTIFY: The orbiting satellite obeys Newton’s second law of motion. The intensity of the electromagnetic 
waves it transmits obeys the inverse-square distance law, and the intensity of the waves depends on the amplitude 
of the electric and magnetic fields. 

SET Up: Newton’s second law applied to the satellite gives mv’/R = GmM/r’, where M is the mass of the Earth 
and m is the mass of the satellite. The intensity Z of the wave is J = Sw = 16,CE max » and by definition, J = P,,/A. 


EXECUTE: (a) The period of the orbit is 12 hr. Applying Newton’s 2™ law to the satellite gives mv’/R = GmMI/r, 
m(2ar/T) _ GmM 
r 


7 . 
r 


which gives Solving for r, we get 


2313 [(6.67x10™ N-m?/kg?)(5.97x10* kg\(12x3600 s} | 
(Se) |! - z A - s)( i 9 =2.66x10’ m 


An? An? 
The height above the surface is h = 2.66 x 10’ m — 6.38 x 10° m= 2.02 x 10’ m. The satellite only radiates its 


energy to the lower hemisphere, so the area is 1/2 that of a sphere. Thus, from the definition of intensity, the 
intensity at the ground is 


I= Py/A = Pyy/(2ah’) = (25.0 W)/[2x(2.02 x 10’ m)"] = 9.75 x 10 W/m? 


(b) J = Sw = 4€)CE max’, 80 Ena = =2.71x10% N/C 


2I | 2(9.75 x10" W/m’) 


ec  \(8.85x10-* C*/N-m7)(3.00 x10° m/s) 
B ax = Emmy!€ = (2.7110 N/C)/(3.00x10° m/s) = 9.03 x10" T 


max 


t = dle =(2.0210’ m)/(3.00x 10° m/s) = 0.0673 s 
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32.54. 


32.55. 


32.56. 


(©) Pay = I/c = (9.75 10 '* W/m’)/(3.00 x 10° m/s) = 3.25x 107°? Pa 
(d) A = c/f = (3.00 x 10° m/s)/(1575.42 x 10° Hz) = 0.190 m 
EVALUATE: The fields and pressures due to these waves are very small compared to typical laboratory quantities. 


2 ae eee ae j 
IDENTIFY: For a totally reflective surface the radiation pressure is —. Find the force due to this pressure and 
c 


mM 


express the force in terms of the power output P of the sun. The gravitational force of the sun is F, = G—— =. 
r 


SETUP: The mass of the sum is M,,, =1.99x10” kg. G=6.67x10"' N-m*/kg’. 


EXECUTE: (a) The sail should be reflective, to produce the maximum radiation pressure. 


(b) Fg = (2) , where A is the area of the sail. J = 5 , where r is the distance of the sail from the sun. 
c mr 


2A P PA 
Fa= alein a ag i, 
c J\ 4ar 2ar°c $ 2nr°c r 


_ 2acGmM,,, _ 22(3.00x10* m/s)(6.67 x10"! N-m*/kg”)(10,000 kg)(1.99x10" kg) 

Po 39x10% W l 
A=6.42x10° m’ =6.42 km’. 
(c) Both the gravitational force and the radiation pressure are inversely proportional to the square of the distance 
from the sun, so this distance divides out when we set Fpa = F,. 
EVALUATE: A very large sail is needed, just to overcome the gravitational pull of the sun. 
IDENTIFY and SET Up: The gravitational force is given by Eq.(12.2). Express the mass of the particle in terms of 
its density and volume. The radiation pressure is given by Eq.(32.32); relate the power output L of the sun to the 
intensity at a distance r. The radiation force is the pressure times the cross sectional area of the particle. 


A 


EXECUTE: (a) The gravitational force is F, = GC The mass of the dust particle is m = pV = p47R’. Thus 
ia 


_4 pGrMR? 


g 372 


; I ; f ; pak 
(b) For a totally absorbing surface p „a =—. If L is the power output of the sun, the intensity of the solar radiation 
c 


L 
Thus Paa =-~. The force F 


rad 


a distance r from the sun is J = 


z that corresponds to p,,, is in the 
ar Arcr 


direction of propagation of the radiation, so F4 = Pag4,, where A, =7R° is the component of area of the particle 


eek aft yt L LR? 
perpendicular to the radiation direction. Thus F4 = (=) (aR) = : 
m 


cr 4cr? 
(c) F, Faa 
4pGrzMR? _ LR? 
3r? Acr? 
(Ae eZ and Ra >} 
3 4c l6cpGrxM 


ee 3(3.9x10*% W) 
16(2.998x10° m/s)(3000 kg/m*)(6.673 x107' N -m° / kg’)z(1.99x10” kg) 
R=1.9x107 m=0.19 um. 


EVALUATE: The gravitational force and the radiation force both have a r° dependence on the distance from the 
sun, so this distance divides out in the calculation of R. 


2 2 
(d) Pa| R 5 7 7 |= A . F a is proportional to R° and F, is proportional to R?, so this 
Fy 4cr° }\ 40GamR 16cpG7zMR 

ratio is proportional to 1/R. If R<0.20 um then Fpa > F, and the radiation force will drive the particles out of the 


solar system. 
2 
’ v 
IDENTIFY: The electron has acceleration a = R 


SETUP: 1 eV =1.60x10™” C. An electron has |q| =e =1.60x10™" C. 
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32.57. 


32.58. 


EXECUTE: For the electron in the classical hydrogen atom, its acceleration is 
ov? tmy? _ 2(13.6 eV)(1.60x10°-” J/eV) 
R imR~ (9.11x107! kg)(5.29 x10"! m) 

emission given in Problem 32.57: 

dE qa? (1.60x10°" C)’(9.03x10” m/s”)? 
dt 6mec> 67€,(3.0010* m/s)? 
would mean that the electron would almost immediately lose all its energy! 


EVALUATE: The classical physics result in Problem 32.57 must not apply to electrons in atoms. 
2 


S i : v 
IDENTIFY: The orbiting particle has acceleration a = R 


=9,03x10” m/s’. Then using the formula for the rate of energy 


=4.64x10° J/s =2.89x10'" eV/s. This large value of & 


SETUP: K =4mv’. An electron has mass m, =9.11x10~! kg and a proton has mass m, =1.67x 107’ kg. 
ga |_ Cm? -5ml w|] 
brge | (C?/N-m?)(m/s s s dt | 
(b) For a proton moving in a circle, the acceleration is 
na v? tmy? _ 2(6.00x10° eV) (1.6x10™ J/eV) 
R imR (1.67 x10” kg) (0.75 m) 
o ga _ (16x10 C)(1.53x10" m/s?) 


dt 6ra 6z6,(3.0x10° m/s)’ 


EXECUTE: (a) l 


=1.53 x10" m/s’. The rate at which it emits energy because of 


its acceleration is 


=1.33x10 J/s=8.32x10° eV/s. 


(dE/dt\(1s) 8.32107 eV 
E 6.00x10° eV 


(c) Carry out the same calculations as in part (b), but now for an electron at the same speed and radius. That means 
the electron’s acceleration is the same as the proton, and thus so is the rate at which it emits energy, since they also 
have the same charge. However, the electron’s initial energy differs from the proton’s by the ratio of their masses: 


Therefore, the fraction of its energy that it radiates every second is =1.39x10". 


m 6 (9.11x107! kg) : ; . ; 
E, = E,— =(6.00x10° eV) ~—__—___.__ > = 3273 eV. Therefore, the fraction of its energy that it radiates every 
Pm, (1.67x10™ kg) 
-5 
second is SALONE E Be OU EY 2.54x10™%. 


E 3273 eV 


6 =19 
EVALUATE: The proton has speed v = a a NS oe as DESAY) 2 3.39x10’ m/s. The electron 
m, 1.67x10 kg 


has the same speed and kinetic energy 3.27 keV. The particles in the accelerator radiate at a much smaller rate than 
the electron in Problem 32.56 does, because in the accelerator the orbit radius is very much larger than in the atom, 
so the acceleration is much less. 

IDENTIFY and SET UP: Follow the steps specified in the problem. 

EXECUTE: (a) E(x, t) = E x€% sin (kex - æt). 


(+ko)e™™ cos(kex- ot) 


max 


OE et, 
A Z = E ax (kee “™ sin(kox - øt) + E 
x 


OE, 
= E pax (thee “ sin(kex — of) + E pax (ké Je ™™ cos(k_x — at) 


+E ax (-kaje* cos(k.x — ot) + E 


max ‘nx (“kee ™™ sin(k,.x- ot). 
OE, 2a kex ôE, -kox 
= 2E, koe Cos(k.x — ot). —— = E mx €  @ cos(kox — at). 
ax at 
2 
E, 
Setting —+ = one gives 2E 
Ox pot 
2 
ear oe 


or ke =|. 
oOo p 2p 


(b) The energy in the wave is dissipated by the ¿°R heating of the conductor. 


E SQ. 
AAE E EA esi ee ee - Om) L 6.60x10°m. 
” e ke Ou 22(1.0x10° Hz) 4 
EVALUATE: The lower the frequency of the waves, the greater is the distance they can penetrate into a conductor. 


A dielectric (insulator) has a much larger resistivity and these waves can penetrate a greater distance in these 
materials. 


kee cos(kox — at) = E,,,,€* @cos(k-x — ot). This will only be true if 


max 
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33.1. 


33.2 


IDENTIFY: For reflection, 0, =0,. 
SET Up: The desired path of the ray is sketched in Figure 33.1. 


140 cmt 55g = 506° 6 #9099 =39,4° and @ <6: =39.4°. 


11.5 cm 
EVALUATE: The angle of incidence is measured from the normal to the surface. 


EXECUTE: tang= 


Mirror 3 11.5cm 


14.0 cm 


Mirror 


Sok SS 


Figure 33.1 
IDENTIFY: For reflection, 0, =0,. 


SETUP: The angles of incidence and reflection at each reflection are shown in Figure 33.2. For the rays to be 
perpendicular when they cross, œ =90°. 


EXECUTE: (a) 0+¢=90° and B+$=90°, s0 B=O. 5 +B =90° and a =180°-20. 


(b) 6 =4(180° — a) =4(180°— 90°) = 45°. 
EVALUATE: As 0—0°, æ —>180° . This corresponds to the incident and reflected rays traveling in nearly the 


same direction. As 8 > 90°, æ — 0° . This corresponds to the incident and reflected rays traveling in nearly 
opposite directions. 


Figure 33.2 


33-1 


33-2 


Chapter 33 


33.3. 


33.4. 


33.5. 


33.6. 


33.7. 


33.8. 


IDENTIFY and SET UP: Use Eqs.(33.1) and (33.5) to calculate v and /. 
co 2.998 x 10° m/s 


EXECUTE: (a) n= < sov= =2.04x10° m/s 
v 1.47 
b) 4-4- = at = 442 nm 
n 


EVALUATE: Light is slower in the liquid than in vacuum. By v= fA, when v is smaller, 2 is smaller. 
IDENTIFY: Inair, c= fA. In glass, 4 = A : 
n 


SETUP: c=3.00x10° m/s 


, 8 
EXECUTE: (a) pee N m/s 


=——__— =517 nm 
f 5.80x10" Hz 


(b) gure 517 nm 
n 1.52 


EVALUATE: In glass the light travels slower than in vacuum and the wavelength is smaller. 


= 340 nm 


c A ; P 
IDENTIFY: n=. /A=—*, where 4, is the wavelength in vacuum. 
v n 


SETUP: c=3.00x10° m/s. n for air is only slightly larger than unity. 


c 3.00x10* m/s 
EXECUTE: (a) 1=—=————_—_— 
v 1.94x10° m/s 


(b) 4, =n/ =(1.54)(3.55x107 m) = 5.47 x107 m. 


EVALUATE: In quartz the speed is lower and the wavelength is smaller than in air. 


A, 
IDENTIFY: 4=2. 
n 


SET UP: From Table 33.1, n 


=1.54. 


=1.333 and Mens =1.501. 


water 


benzene 


1. 
EXECUTE: (a) A vcater™ water = M eisens! veideae = Ay S Areia = h| Z) = (438 nm ( 22) = 389 nm E 


(b) Ay = Avac water = (438 nm)(1.333) = 584 nm 
EVALUATE: 4⁄ is smallest in benzene, since n is largest for benzene. 
IDENTIFY: Apply Eqs.(33.2) and (33.4) to calculate 0, and 0,. The angles in these equations are measured with 


respect to the normal, not the surface. 
(a) SETUP: The incident, reflected and refracted rays are shown in Figure 33.7. 
I 


EXECUTE: 6. =6, =42.5° 
The reflected ray makes an 
angle of 90.0°-— 0, = 47.5° 
with the surface of the glass. 


Figure 33.7 


(b) n, sin, =n,sin@,, where the angles are measured from the normal to the interface. 

n,sin@, _ (1.00)(sin 42.5 
n, 1.66 

0, =24.0° 

The refracted ray makes an angle of 90.0° — 0, = 66.0° with the surface of the glass. 


sin 0, = ) = 0.4070 


EVALUATE: The light is bent toward the normal when the light enters the material of larger refractive index. 


IDENTIFY: Use the distance and time to find the speed of light in the plastic. n = = 


v 
SETUP: c=3.00x10* m/s 
8 
EXECUTE: v= AT asa =2.17x10° m/s. n Si OUI ae i 
t 11.5x10"s v 2.17x10° m/s 
no : 3 s 2.50 m 
EVALUATE: In air light travels this same distance in ——=———— =8.3 ns. 


3.00x10° m/s 
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33.9. 


33.10. 


33.11. 


33.12. 


33.13. 


IDENTIFY and SET UP: Use Snell’s law to find the index of refraction of the plastic and then use Eq.(33.1) to 
calculate the speed v of light in the plastic. 
EXECUTE: 7,sin@, =n, sin0, 


pan ne -o|r J=1.194 
sin 8, sin 48.1° 


n= © so0v=—=(3.00x10° m/s)/1.194 =2.51x10* m/s 
Vv n 


EVALUATE: Light is slower in plastic than in air. When the light goes from air into the plastic it is bent toward 
the normal. 

IDENTIFY: Apply Snell’s law at both interfaces. 

SETUP: The path of the ray is sketched in Figure 33.10. Table 33.1 gives n =1.329 for the methanol. 
EXECUTE: (a) At the air-glass interface (1.00)sin41.3° = n „sina . At the glass-methanol interface 


glass 


Nass Sin E = (1.329)sin@. Combining these two equations gives sin41.3°=1.329sin@and 0 = 29.8°. 


(b) The same figures applies as for part (a), except 0 = 20.2°. (1.00)sin 41.3° = nsin20.2° and n=1.91. 
EVALUATE: The angle @ is 25.2°. The index of refraction of methanol is less than that of the glass and the ray is 
bent away from the normal at the glass > methanol interface. The unknown liquid has an index of refraction 
greater than that of the glass, so the ray is bent toward the normal at the glass — liquid interface. 

air glass methanol 


Figure 33.10 


IDENTIFY: Apply Snell’s law to each refraction. 
SET Up: Let the light initially be in the material with refractive index n,and let the final slab have refractive 


index n,. In part (a) let the middle slab have refractive index n,. 

EXECUTE: (a) 1" interface: n, sin@, =n,sin@,.2™ interface: n,sin@, =n, sin9,. Combining the two equations 
gives n,sin@, =n,sin@,. This is the equation that would apply if the middle slab were absent. 

(b) For N slabs, n sin@, =n, sin@,, n sinf, =n,sin8,, ..., ny_,sin@,_, =n,sin8,. Combining all these equations 
gives n,sin@, =n,sin8,. 

EVALUATE: The final direction of travel depends on the angle of incidence in the first slab and the refractive 
indices of the first and last slabs. 


IDENTIFY: Apply Snell's law to the refraction at each interface. 
SETUP: nai =1.00. Apae =1.333. 


water 


wf Mite . (1.00 . 
EXECUTE: (a) Oae =arcsin] —“sin6@,,, |= arcsin sin35.0° |= 25.5°. 
N Water 1.333 

EVALUATE: (b) This calculation has no dependence on the glass because we can omit that step in the 
chain: 71,;, SIN Ogir = Mgtass SIN Ogtass = Awater SIN O ator 
IDENTIFY: When a wave passes from one material into another, the number of waves per second that cross the 
boundary is the same on both sides of the boundary, so the frequency does not change. The wavelength and speed 
of the wave, however, do change. 


water 


SET Up: Ina material having index of refraction n, the wavelength is 4 =—*, where A) is the wavelength in 
n 


7 C 
vacuum, and the speed is £, 
n 


EXECUTE: (a) The frequency is the same, so it is still f. The wavelength becomes 4 = f, so Ay = nÀ. The speed 
n 


. Cc 
is y=—, SOC = nv. 
n 


(b) The frequency is still f. The wavelength becomes 4’ = Ay = ule = | 
n 


n 
, C€ Ww n 
y = — = — =| — |v 

1 Uy 1 

n n n 


EVALUATE: These results give the speed and wavelength in a new medium in terms of the original medium 
without referring them to the values in vacuum (or air). 


z) A and the speed becomes 
n 
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33.14. IDENTIFY: Apply the law of reflection. 
SETUP: The mirror in its original position and after being rotated by an angle Oare shown in Figure 33.14. ais 
the angle through which the reflected ray rotates when the mirror rotates. The two angles labeled ¢ are equal and 
the two angles labeled ¢’are equal because of the law of reflection. The two angles labeled @are equal because the 
lines forming one angle are perpendicular to the lines forming the other angle. 
EXECUTE: From the diagram, a =2¢'-2¢ =2(¢'—¢)and 0=¢'-¢. a =26, as was to be shown. 
EVALUATE: This result is independent of the initial angle of incidence. 

Ray reflected 


Normal : 
from mirror 


to mirror 


Incident 


ray Normal to 


y rotated mirror 


Ray reflected 
from rotated mirror 


Rotated mirror 
Figure 33.14 
33.15. IDENTIFY: Apply n,sin@, =n,sin0, . 
SETUP: The light refracts from the liquid into the glass, so n, =1.70, 8, =62.0°. n, =1.58. 
EXECUTE: sing, =| “* |sind, = in 62.0° = 0.950and 6, =71.8°. 
n, 1.58 
EVALUATE: The ray refracts into a material of smaller n, so it is bent away from the normal. 
33.16. IDENTIFY: Apply Snell's law. 
SETUP: 0, and 6, are measured relative to the normal to the surface of the interface. 0, = 60.0° —15.0° = 45.0° . 


EXECUTE: 6,= aresin( Pasin 6, =aresin( - = sin 450°) =38.2°. But this is the angle from the normal to the surface, 
n, : 


so the angle from the vertical is an additional 15° because of the tilt of the surface. Therefore, the angle is 53.2°. 

EVALUATE: Compared to Example 33.1, 6, is shifted by 15° but the shift in 0, is only 53.2°-49.3° =3.9°. 
33.17. IDENTIFY: The critical angle for total internal reflection is 0, that gives 8, =90° in Snell's law. 

SET Up: In Figure 33.17 the angle of incidence @, is related to angle 0 by 8, +0 =90°. 

EXECUTE: (a) Calculate 0, that gives 6, =90°. n, =1.60, n, =1.00 so n,sin@, =n, sin, gives 


(1.60)sin 0, =(1.00)sin90°. sind, -1% and 0, =38.7°. 0 =90°— 0, =51.3°. 


(b) n, =1.60, n, =1.333. (1.60)sind, = (1.333)sin90°. sind, a and 0, =56.4°. 0 =90°— 0, =33.6°. 


EVALUATE: The critical angle increases when the ratio —* increases. 
n, 


Plastic 


Figure 33.17 
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33.18. 


33.19. 


33.20. 


33.21. 


IDENTIFY: Since the refractive index of the glass is greater than that of air or water, total internal reflection will 
occur at the cube surface if the angle of incidence is greater than or equal to the critical angle. 

SET Up: At the critical angle 0., Snell’s law gives Mgjss SIN O; = Nair Sin 90° and likewise for water. 

EXECUTE: (a) At the critical angle 6., ngiass SiN O; = Nair sin 90°. 1.53 sin O.= (1.00)(1) and 6, = 40.8°. 

(b) Using the same procedure as in part (a), we have 1.53 sin @ = 1.333 sin 90° and 6, = 60.6°. 

EVALUATE: Since the refractive index of water is closer to the refractive index of glass than the refractive index 
of air is, the critical angle for glass-to-water is greater than for glass-to-air. 

IDENTIFY: Use the critical angle to find the index of refraction of the liquid. 

SET Up: Total internal reflection requires that the light be incident on the material with the larger n, in this case 
the liquid. Apply 1,sin@, =n,sin@, with a = liquid and b = air, so n, =n,, and n, =1.0. 


EXECUTE: 0,=0 = (1.0)sin90° 


crit 
ay ol 
ia sind sin 42.5° 


crit 


when 6, = 90°, so n; sind, 


crit 


=1.48. 


(a) n,sin@, =n, sind, (a= liquid, b = air) 

n,sin@, _ (1.48)sin35.0° 
n, 1.0 

(b) Now n, sin, =n,sin@, with a = air, b = liquid 

n sin, _ (1.0)sin35.0° 
n, 1.48 

EVALUATE: For light traveling liquid — air the light is bent away from the normal. For light traveling air > 

liquid the light is bent toward the normal. 

IDENTIFY: The largest angle of incidence for which any light refracts into the air is the critical angle for 

water — air . 

SET Up: Figure 33.20 shows a ray incident at the critical angle and therefore at the edge of the ring of light. The 

radius of this circle is r and d =10.0 m is the distance from the ring to the surface of the water. 

EXECUTE: From the figure, r =d tan6,,,. 6 


crit * “crit 


1 =1.00 aid 6.908 ding, = COO aa 
1.333 


sind, = = 0.8489 and 0, =58.1° 


sin@, = 


= (0.3876 and 0, = 22.8° 


is calculated from n, sin@, =n, sin, with n, =1.333, 0, =0, 


crit? 


= 48.6°. r = (10.0 m)tan48.6° =11.3 m. 


A=ar’ =n(11.3 m} =401 m°. 


EVALUATE: When the incident angle in the water is larger than the critical angle, no light refracts into the air. 
I 


Figure 33.20 


IDENTIFY and SET UP: For glass —> water, O « =48.7°. Apply Snell’s law with 0, =6,,,, to calculate the index 


crit 
of refraction n, of the glass. 

n, _ 1,333 
~ sin 48.7° 
EVALUATE: For total internal reflection to occur the light must be incident in the material of larger refractive 
index. Our results give n,,,.. > 7 in agreement with this. 


EXECUTE: 1,sin0, =1.77 


crit 


Ey M o == 
=n,sin90°, son, = 


sin 0. 


crit 


glass water ? 
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33.22. 


33.23. 


33.24. 


33.25. 


33.26. 


IDENTIFY: Ifno light refracts out of the glass at the glass to air interface, then the incident angle at that interface 
is Oaie 


SETUP: The ray has an angle of incidence of 0° at the first surface of the glass, so enters the glass without being 
bent, as shown in Figure 33.22. The figure shows that æ + 6,,, =90°. 


crit 
EXECUTE: (a) For the glass-air interface 0, =@,,,, n, =1.52, n,=1.00 and 6, =90°. n,sin@, =n,sin6, gives 


_(1.00)(sin90") ad g 


a =48.9°. 
1.52 


=41.1°. æ =90°-8. 


crit 


sin 6i 


; ; : : 1.333)(sin 90° 
(b) Now the second interface is glass > water and n, =1.333.n,sin@, =n,sin@, gives sin 6 = ae 


and 0 


it = 01.3°. æ =90° — 8a = 28.7°. 
EVALUATE: The critical angle increases when the air is replaced by water and rays are bent as they refract out of 


the glass. 


Figure 33.22 


IDENTIFY: Apply n,sin@, =n,sin8, . 

SETUP: The light is in diamond and encounters an interface with air, so n, = 2.42 and n, =1.00. The largest 
6, is when 6, =90°. 

EXECUTE: (2.42)sin@, =(1.00)sin90° . sin6, = ss and 0, =24.4°. 

EVALUATE: Diamond has an usually large refractive index, and this results in a small critical angle. 
IDENTIFY: Snell's law is n,sin@, =n,sin@,. v= r : 

SETUP: a=air, b=glass. 


_n,sin@, _ (1.00)sin57.0° _ (1.00)sin 57.0° 


=1.36 . violet: n, =?" = 1.40. 
sin 0, sin38.1° sin36.7° 


8 8 
(byes OES Cisco dees Se Ss aot es 
n 1.36 n 1.40 
EVALUATE: nis larger for the violet light and therefore this light is bent more toward the normal, and the violet 
light has a smaller speed in the glass than the red light. 


IDENTIFY: When unpolarized light passes through a polarizer the intensity is reduced by a factor of 4 and the 


EXECUTE: (a) red: n, 


transmitted light is polarized along the axis of the polarizer. When polarized light of intensity Zax is incident on a 


polarizer, the transmitted intensity is 7 = Z „cos? ¢, where ¢ is the angle between the polarization direction of the 


max 


incident light and the axis of the filter. 
SET Up: For the second polarizer ø = 60° . For the third polarizer, ø = 90°- 60° = 30°. 


EXECUTE: (a) At point A the intensity is /,/2 and the light is polarized along the vertical direction. At point B 
the intensity is (J,/2)(cos60°)” = 0.1257, , and the light is polarized along the axis of the second polarizer. At 
point C the intensity is (0.125/,)(cos30°)’ = 0.09387, . 


(b) Now for the last filter ø =90° and 7=0. 


EVALUATE: Adding the middle filter increases the transmitted intensity. 
IDENTIFY: Apply Snell's law. 

SETUP: The incident, reflected and refracted rays are shown in Figure 33.26. 
Sit. gy SOF tiy, 
sin 0, sin 37° 


EXECUTE: From the figure, 0, =37.0° and n, =n, 


The Nature and Propagation of Light 33-7 


33.27. 


33.28. 


33.29. 


EVALUATE: The refractive index of b is greater than that of a, and the ray is bent toward the normal when it 
refracts. 


37° 


Figure 33.26 


IDENTIFY and SET UP: Reflected beam completely linearly polarized implies that the angle of incidence equals 
the polarizing angle, so 0, =54.5°. Use Eq.(33.8) to calculate the refractive index of the glass. Then use Snell’s 
law to calculate the angle of refraction. 


ny. 
EXECUTE: (a) tanĝ, =— gives n 
n 


a 


=n, tan@, = (1.00) tan 54.5° =1.40. 


glass 


(b) n, sind, =n, sin8, 

n sin, _ (1.00)sin54.5° 
n 140 

EVALUATE: 


sin, = =0.5815 and 6, =35.5° 


Note: ø =180.0°— 6, —6, and 6, = 6,. Thus 
ø =180.0° —54.5° —35.5° =90.0°; the 
reflected ray and the refracted ray are 


perpendicular to each other. This agrees 
with Fig.33.28. 


Figure 33.27 


IDENTIFY: Set /=/,/10, where / is the intensity of light passed by the second polarizer. 
SetUp: When unpolarized light passes through a polarizer the intensity is reduced by a factor of 4 and the 


transmitted light is polarized along the axis of the polarizer. When polarized light of intensity Za is incident on a 


max 
polarizer, the transmitted intensity is J =/,,, cos’ ø , where ¢ is the angle between the polarization direction of the 
incident light and the axis of the filter. 


EXECUTE: (a) After the first filter Z = 2 and the light is polarized along the vertical direction. After the second 


filter we want Tao, so is a(t cosy’ cosé= 2/10 and ¢=63.4°. 


; i es ; I 
(b) Now the first filter passes the full intensity J, of the incident light. For the second filter D =I,(cos¢)’ . 


cosé=+¥1/10 and ¢=71.6°. 

EVALUATE: When the incident light is polarized along the axis of the first filter, ø must be larger to achieve the 
same overall reduction in intensity than when the incident light is unpolarized. 

IDENTIFY: From Malus’s law, the intensity of the emerging light is proportional to the square of the cosine of the 
angle between the polarizing axes of the two filters. 

SETUP: Ifthe angle between the two axes is @, the intensity of the emerging light is J = Imax cos’6. 


1 : : ; ee 
EXECUTE: At angle 6 I = Imax cos’@ and at the new angle a, 5 I= Ipa COS Q. Taking the ratio of the intensities 


: icon. H eye cos0 . . cos 
gives “——_— = 2 , which gives us cosa = —=. Solving for æ yields æ = arccos . 


T,c08°9 I J2 V2 


EVALUATE: Careful! This result is not cos’ 8. 
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33.30. IDENTIFY: The reflected light is completely polarized when the angle of incidence equals the polarizing angle 


n 
0 , where tang, =. 
p p n 


a 


SETUP: n, =1.66. 


EXECUTE: (a) n, =1.00. tan@, -14% and 6, =58.9°. 


1.66 
(b) n, =1.333. tan, = and 6, =51.2°. 
P 1.333 
EVALUATE: The polarizing angle depends on the refractive indicies of both materials at the interface. 

33.31. IDENTIFY: When unpolarized light of intensity /, is incident on a polarizing filter, the transmitted light has 
intensity +7, and is polarized along the filter axis. When polarized light of intensity Z, is incident on a polarizing 
filter the transmitted light has intensity /, cos’ ¢ . 

SET Up: For the second filter, ø =62.0° —25.0° =37.0°. 

EXECUTE: After the first filter the intensity is +7, =10.0 w/ m° and the light is polarized along the axis of the 
first filter. The intensity after the second filter is J = Z cos% , where J, =10.0 W/m? and ¢ =37.0° . This 
gives J = 6.38 W/m’. 


EVALUATE: The transmitted intensity depends on the angle between the axes of the two filters. 
33.32. IDENTIFY: After passing through the first filter the light is linearly polarized along the filter axis. After the 


second filter, J =/ 


max 


(cos¢)* , where ø is the angle between the axes of the two filters. 

SET Up: The maximum amount of light is transmitted when ¢=0. 

EXECUTE: (a) J =/,(cos22.5°)’ =0.854/, 

(b) 7 =1,(cos45.0°)* =0.500/, 

(c) Z =1,(cos67.5°)” =0.146/, 

EVALUATE: As ¢ increases toward 90° the axes of the two filters are closer to being perpendicular to each other 


and the transmitted intensity decreases. 
33.33. IDENTIFY and SETUP: Apply Eq.(33.7) to polarizers #2 and #3. The light incident on the first polarizer is 
unpolarized, so the transmitted light has half the intensity of the incident light, and the transmitted light is 


polarized. 
(a) EXECUTE: The axes of the three filters are shown in Figure 33.33a. 
# 
#2 
"ow a 
1457 
zag =f 748°) #3 I = I ax C0S° Ø 
7 
et 
I 
Figure 33.33a 


After the first filter the intensity is 7, =4/, and the light is linearly polarized along the axis of the first polarizer. 
After the second filter the intensity is Z, = Z, cos? ¢ = G (cos 45.0°)° =0.250/, and the light is linearly polarized 
along the axis of the second polarizer. After the third filter the intensity is Z, = Z, cos’ ¢ = 0.2507, (cos 45.0°)? = 
0.1257, and the light is linearly polarized along the axis of the third polarizer. 

(b) The axes of the remaining two filters are shown in Figure 33.33b. 


#1 
! After the first filter the intensity is J, =+J, and the 
Aaa pin LB ea polarized along the axis of the first 
Figure 33.33b 


After the next filter the intensity is J, = 7, cos? ġ = G X(cos 90.0°)* =0. No light is passed. 
EVALUATE: Light is transmitted through all three filters, but no light is transmitted if the middle polarizer is removed. 
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33.34. 


33.35. 


33.36. 


33.37. 


33.38. 


IDENTIFY: Use the transmitted intensity when all three polairzers are present to solve for the incident intensity 
I, . Then repeat the calculation with only the first and third polarizers. 


SET Up: For unpolarized light incident on a filter, 7 =4/, and the light is linearly polarized along the filter axis. 


For polarized light incident on a filter, J =/,,,. (cos), where I max İS the intensity of the incident light, and the 


max 


emerging light is linearly polarized along the filter axis. 

EXECUTE: With all three polarizers, if the incident intensity is /, the transmitted intensity is 
I _ 75.0 Wiem’? 

0.256 0.256 

and third polarizers, Z =(4+/,)(cos62.0°)* =0.110/, =(0.110)(293 W/cm”) = 32.2 W/cm’. 

EVALUATE: The transmitted intensity is greater when all three filters are present. 

IDENTIFY: The shorter the wavelength of light, the more it is scattered. The intensity is inversely proportional to 

the fourth power of the wavelength. 

SET Up: The intensity of the scattered light is proportional to 1/*, we can write it as J = (constant)/ 2”. 

EXECUTE: (a) Since / is proportional to 1/44, we have I= (constant)/ aM. Taking the ratio of the intensity of the 


I =($1,)(cos 23.0°)’ (cos[62.0° — 23.0°])” =0.256/,. 1, = = 293 W/cm’. With only the first 


4 $ 4 
red light to that of the green light gives bia (coustu a sE = m) = 0.374, so Ig = 0.3741. 
I (constant)/Ag (^r 665nm 
4 4 
(b) Following the same procedure as in part (a) gives daaa cif 2208m fis 2.35, so ly = 2.351. 
I Ay 420nm 


EVALUATE: Inthe scattered light, the intensity of the short-wavelength violet light is about 7 times as great as 
that of the red light, so this scattered light will have a blue-violet color. 

IDENTIFY: As the wave front reaches the sharp object, every point on the front will act as a source of secondary 
wavelets. 

SETUP: Consider a wave front that is just about to go past the corner. Follow it along and draw the successive 
wave fronts. 

EXECUTE: The path of the wavefront is drawn in Figure 33.36. 

EVALUATE: The wave fronts clearly bend around the sharp point, just as water waves bend around a rock and 
light waves bend around the edge of a slit. 


l 
l 
l 
j 
I 
l 
l 
l 
l 
l 
l 
| l 
l 
l 
l 
I 
l 
l 
l 
l 
l 
l 
l 
l 


~ 


Figure 33.36 


IDENTIFY: Reflection reverses the sign of the component of light velocity perpendicular to the reflecting surface 
but leaves the other components unchanged. 

SET Up: Consider three mirrors, M, in the (x,y)-plane, M, in the (y,z)-plane, and M; in the (x,z)-plane. 

EXECUTE: A light ray reflecting from M; changes the sign of the z-component of the velocity, reflecting from M3 
changes the x-component, and from M; changes the y-component. Thus the velocity, and hence also the path, of the 
light beam flips by 180° 

EVALUATE: Example 33.3 discusses some uses of corner reflectors. 

IDENTIFY: The light travels slower in the jelly than in the air and hence will take longer to travel the length of the 
tube when it is filled with jelly than when it contains just air. 

SETUP: The definition of the index of refraction is n = c/v, where v is the speed of light in the jelly. 

EXECUTE: First get the length L of the tube using air. In the air, we have L = ct = (3.00 x 10° m/s)(8.72 ns) = 2.616 m. 


The speed in the jelly is v = ee (2.616 m)/(8.72 ns + 2.04 ns) = 2.431 x 10° m/s. n = f= 
t v 


(3.00 x 10° m/s)/(2.431 x 10° m/s) = 1.23 
EVALUATE: A high-speed timer would be needed to measure times as short as a few nanoseconds. 


33-10 


Chapter 33 


33.39. 


33.40. 


33.41. 


33.42. 


IDENTIFY and SET Up: Apply Snell's law at each interface. 

EXECUTE: (a) n,sin@, =n, sin@, and n,sin@, =n,sin@, , so n,sin@, =n,sin@, and sind, = (n sin 0,)/n, . 

(b) n,sin@, =n, sin@, and n,sin@, =n, sin, , so n sin, =n,sin@, and the light makes the same angle with respect 
to the normal in the material that has refractive index n, as it did in part (a). 

(c) For reflection, 9. = @,. These angles are still equal if 0, becomes the incident angle; reflected rays are also reversible. 
EVALUATE: Both the refracted and reflected rays are reversible, in the sense that if the direction of the light is 
reversed then each of these rays follow the path of the incident ray. 


. OE R A 
IDENTIFY: Use the change in transit time to find the speed v of light in the slab, and then apply n = © and A=, 
v n 


SET Up: Ittakes the light an additional 4.2 ns to travel 0.840 m after the glass slab is inserted into the beam. 


EXECUTE: a te (n-1) ee 4.2 ns. We can now solve for the index of refraction: 
c/n c 
-9 8 490 
n= fo ae) +1=2.50. The wavelength inside of the glass is 2 = Zam 196 nm. 


0.840 m 
EVALUATE: Light travels slower in the slab than in air and the wavelength is shorter. 
IDENTIFY: The angle of incidence at A is to be the critical angle. Apply Snell’s law at the air to glass refraction at 
the top of the block. 
SETUP: The ray is sketched in Figure 33.41. 
EXECUTE: For glass — airat point A, Snell's law gives (1.38)sin6,,,, =(1.00)sin90°and 6,,, =46.4°. 
0, =90° -0 =43.6°. Snell's law applied to the refraction from air to glass at the top of the block gives 
(1.00)sin 8, = (1.38)sin(43.6°) and 6, =72.1°. 
EVALUATE: If @,is larger than 72.1°then the angle of incidence at point A is less than the initial critical angle and 


total internal reflection doesn’t occur. 


6, 


a 


Figure 33.41 
IDENTIFY: As the light crosses the glass-air interface along AB, it is refracted and obeys Snell’s law. 
SETUP: Snell’s law is n, sin 0, = n, sin 6, and n = 1.000 for air. At point B the angle of the prism is 30.0°. 
EXECUTE: Apply Snell’s law at AB. The prism angle at A is 60.0°, so for the upper ray, the angle of incidence at 
AB is 60.0° + 12.0° = 72.0°. Using this value gives n; sin 60.0° = sin 72.0° and n; = 1.10. For the lower ray, the 
angle of incidence at AB is 60.0° + 12.0° + 8.50° = 80.5°, giving n sin 60.0° = sin 80.5° and m = 1.14. 
EVALUATE: The lower ray is deflected more than the upper ray because that wavelength has a slightly greater 
index of refraction than the upper ray. 
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33.43. IDENTIFY: Circularly polarized light consists of the superposition of light polarized in two perpendicular 
directions, with a quarter-cycle (90° ) phase difference between the two polarization components. 
SET Up: A quarter-wave plate shifts the relative phase of the two perpendicular polarization components by 90° . 
EXECUTE: In the circularly polarized light the two perpendicular polarization components are 90° out of phase. 
The quarter-wave plate shifts the relative phase by +90° and then the two components are either in phase or 
180° out of phase. Either corresponds to linearly polarized light. 


EVALUATE: Either left circularly polarized light or right circularly polarized light is converted to linearly 
polarized light by the quarter-wave plate. 


33.44. IDENTIFY: Apply 1= 4y . The number of wavelengths in a distance d of a material is £ where 4 is the 
n 


wavelength in the material. 


SETUP: The distance in glass is da = 0.00250 m . The distance in air is 


d „ = 0.0180 m—0.00250 m = 0.0155 m 
EXECUTE: number of wavelengths = number in air + number in glass. 


da dens 0.0155 m 0.00250 m 
number of wavelengths = —= + Ey = 
A A 5.40x10° m 5.40x10~ m 


EVALUATE: Without the glass plate the number of wavelengths between the source and screen is 
0.0180 m 
5.40x10° m 
glass than there are in the same distance in air. 
33.45. IDENTIFY: Find the critical angle for glass — air. Light incident at this critical angle is reflected back to the 
edge of the halo. 
SETUP: The ray incident at the critical angle is sketched in Figure 33.45. 


(1.40) =3.52x10°. 


= 3.33x10*. The wavelength is shorter in the glass so there are more wavelengths in a distance in 


S 1 2.67 mm À . 
air <——___—_———>1 refracted ray 


f 


3.10 mm 


totally internally reflected 
ray, at edge of halo 


focused spot at front 


of plate 
<— 5.34 mm — 
Figure 33.45 
: SII 2.67 mm 
EXECUTE: From the distances given in the sketch, tan@,,, = Pitan? 0.8613; 6.x =40.7°. 
.10 mm 


Apply Snell’s law to the total internal reflection to find the refractive index of the glass: n,sin@, =n,sin80, 


M glass sin Oai =1.00sin 90° 
1 1 
Netass — — = =1.53 
sind, sin 40.7° 


crit 


EVALUATE: Light incident on the back surface is also totally reflected if it is incident at angles greater than 0, 


crit * 


If it is incident at less than 8.. it refracts into the air and does not reflect back to the emulsion. 


crit 


33.46. IDENTIFY: Apply Snell's law to the refraction of the light as it passes from water into air. 


5m 


SETUP: 0,= arean z 


=51°. n, =1.00. n, =1.333. 
1.2m 


EXECUTE: 0, = arcsin (sino, = arcsin- 2 sns1°) =36°. Therefore, the distance along the bottom of the 
n, : 


pool from directly below where the light enters to where it hits the bottom is x = (4.0 m)tan8, = (4.0 m)tan36° = 
2.9m. Xa =1.5mMm+x=1.5 m+2.9 m= 4.4 m. 
EVALUATE: The light ray from the flashlight is bent toward the normal when it refracts into the water. 
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33.47. IDENTIFY: Use Snell’s law to determine the effect of the liquid on the direction of travel of the light as it enters 
the liquid. 


SET Up: Use geometry to find the angles of incidence and refraction. Before the liquid is poured in the ray along 
your line of sight has the path shown in Figure 33.47a. 


8.0 cm 
16.0 cm 
0, =26.57° 


= 0.500 


tané, = 


<— 8.0 cm— 
Figure 33.47a 


After the liquid is poured in, @, is the same and the refracted ray passes through the center of the bottom of the 
glass, as shown in Figure 33.47b. 


i oO 25550 
16.0 cm 
6, =14.04° 


<-> 
4.0 cm 


Figure 33.47b 
EXECUTE: Use Snell’s law to find n,, the refractive index of the liquid: 
n,sin@, =n, sind, 
n = sin, _ (1.00)(sin26.57°) 
sin 0, sin14.04° 


EVALUATE: When the light goes from air to liquid (larger refractive index) it is bent toward the normal. 
33.48. IDENTIFY: Apply Snell’s law to each refraction and apply the law of reflection at the mirrored bottom. 


SETUP: The path of the ray is sketched in Figure 33.48. The problem asks us to calculate 8,'. 
EXECUTE: Apply Snell's law to the air — liquid refraction. (1.00)sin(42.5°) =(1.63)sin6,and 6, =24.5°. 


=1.84 


0, =ġand ¢=0/,s0 0, =6, =24.5°. Snell's law applied to the liquid — air refraction gives 
(1.63)sin(24.5°) = (1.00)sin 8 and 6,’ = 42.5°. 
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EVALUATE: The light emerges from the liquid at the same angle from the normal as it entered the liquid. 


Figure 33.48 
33.49. IDENTIFY: Apply Snell’s law to the water —> ice and ice — air interfaces. 
(a) SETUP: Consider the ray shown in Figure 33.49. 
air 
Nair = 1,000 


We want to find the incident angle 0, at 


the water-ice interface that causes the 
incident angle at the ice-air interface to be 
the critical angle. 


Figure 33.49 
EXECUTE: ice-air interface: n,,,sin6,,, =1.0sin90° 
N SiN Oa =1.0 so Sin Opi = — 
But from the diagram we see that 0, = 6w» so sin, = P 
water-ice interface: n, sin@, = e Sin 0, 7 
But sin 0, = i so n,sinĝ, =1.0. sin, = LENEE 0.7502 and 0, = 48.6°. 
N n, 1.333 


(b) EVALUATE: The angle calculated in part (a) is the critical angle for a water-air interface; the answer would be 
the same if the ice layer wasn’t there! 
33.50. IDENTIFY: The incident angle at the prism — water interface is to be the critical angle. 


SETUP: The path of the ray is sketched in Figure 33.50. The ray enters the prism at normal incidence so is not 
bent. For water, M aer =1.333. 


EXECUTE: From the figure, 6,,,=45°. n,sin@, =n,sinG, gives Ny, 
1,333 

niss — ne 

sss sin 45° 


sin 45° = (1.333)sin 90° . 


1.89. 
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33.51. 


33.52. 


33.53. 


EVALUATE: For total internal reflection the ray must be incident in the material of greater refractive index. 


n, >n so that is the case here. 


glass water ? 


Figure 33.50 
IDENTIFY: Apply Snell’s law to the refraction of each ray as it emerges from the glass. The angle of incidence 
equals the angle A=25.0°. 
SET Up: The paths of the two rays are sketched in Figure 33.51. 


Figure 33.51 


EXECUTE: n, sin@, =n,sin§, 
Nas Sin 25.0° = 1.00sin G, 


sin 8, = Nass SIN 25.0° 
sind, =1.66sin25.0° =0.7015 
0, =44.55° 


B =90.0° -0, =45.45° 
Then 6 =90.0°— A— p =90.0° — 25.0° — 45.45° =19.55°. The angle between the two rays is 26 =39.1°. 


EVALUATE: The light is incident normally on the front face of the prism so the light is not bent as it enters the prism. 
IDENTIFY: The ray shown in the figure that accompanies the problem is to be incident at the critical angle. 


SETUP: 6, =90°. The incident angle for the ray in the figure is 60° . 
EXECUTE: n,sin@, =n,sin@, gives n, = Pa Sip. Bs fu ee se =1.40. 
sind, sin 90° 


EVALUATE: Total internal reflection occurs only when the light is incident in the material of the greater 
refractive index. 

IDENTIFY: No light enters the gas because total internal reflection must have occurred at the water-gas interface. 
SET Up: At the minimum value of S, the light strikes the water-gas interface at the critical angle. We apply 
Snell’s law, n, sin, = n, sinG,, at that surface. 


EXECUTE: (a) In the water, 0= : = (1.09 m)/(1.10 m) = 0.991 rad = 56.77°. This is the critical angle. So, using 


the refractive index for water from Table 33.1, we get n = (1.333) sin 56.77° = 1.12 
(b) (i) The laser beam stays in the water all the time, so 


Cc 


n 


water 


t=2RW= 2n'( = PMs (2.99 m)(1.333)/(3.00 x 10° m/s) = 9.78 ns 
Cc 
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33.54. 


33.55. 


33.56. 


(11) The beam is in the water half the time and in the gas the other half of the time. 


Rn., 
toas = = (1.10 m)(1.12)/(3.00 x 10° m/s) = 4.09 ns 


The total time is 4.09 ns + (9.78 ns)/2 = 8.98 ns 

EVALUATE: The gas must be under considerable pressure to have a refractive index as high as 1.12. 

IDENTIFY: No light enters the water because total internal reflection must have occurred at the glass-water surface. 
SETUP: A little geometry tells us that ĝis the angle of incidence at the glass-water face in the water. Also, 0= 
59.2° must be the critical angle at that surface, so the angle of refraction is 90.0°. Snell’s law, n, sin 6, = n, sin 6), 


i : ae c 
applies at that glass-water surface, and the index of refraction is defined as n = —. 


Vv 


EXECUTE: Snell’s law at the glass-water surface gives n sin 59.2° = (1.333)(1.00), which gives n = 1.55. v = 


z|o 


(3.00 x 10° m/s)/1.55 = 1.93 x 10° m/s. 

EVALUATE: Notice that ĝis not the angle of incidence at the reflector, but it is the angle of incidence at the glass- 
water surface. 

(a) IDENTIFY: Apply Snell’s law to the refraction of the light as it enters the atmosphere. 

SET UP: The path ofa ray from the sun is sketched in Figure 33.55. 


ô=0,-0, 

From the diagram sin 0, = — 
incident ray R+h 
from sun 

. R 

0, = arcsin | —— 

R+h 


Figure 33.55 


EXECUTE: Apply Snell’s law to the refraction that occurs at the top of the atmosphere: n, sin, =n, sin, 


(a = vacuum of space, refractive, index 1.0; b = atmosphere, refractive index n) 


sind, =nsin 0, =n g so ĝ, =arcsin as 
R+h R+h 
ô =0,-—0, =arcsin a arcsin i 
R+h R+h 


6 
(b) = ORN = 2 (0068 
R+h  638x10° m+20x10° m 


E =1.0003(0.99688) = 0.99718 


6, = aresin( ) =85.47° 


: nR 
0, = arcsin( 


Jss.70° 


0 =0, —6, =85.70° —85.47° = 0.23° 
EVALUATE: The calculated 6 is about the same as the angular radius of the sun. 


IDENTIFY and SET UP: Follow the steps specified in the problem. 
EXECUTE: (a) The distance traveled by the light ray is the sum of the two diagonal segments: 


d +y +U- ty)” 
(6 Cc ` 


d=(x° +y?) ?+((1- x)? +y2)"?. Then the time taken to travel that distance is t= 


(b) Taking the derivative with respect to x of the time and setting it to zero yields 


dt 1 “| 2. 212 RAR gt -| 2, 125-42 2,2 ial mA 
= x HC -xy 4 =—| x(x" + l-x)|(- x) 4 =0. This gives 
a ral E tI +(C-a +m) jaa] e ty? -d-20 (0-2 y) g 
l- 

e TA , sind, =sin0, and 6, =6,. 

2 2 2 2 
\Pty E-t 
EVALUATE: For any other path between points | and 2, that includes a point on the reflective surface, the 
distance traveled and therefore the travel time is greater than for this path. 
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33.57. 


33.58. 


33.59. 


IDENTIFY and SET UP: Find the distance that the ray travels in each medium. The travel time in each medium is 
the distance divided by the speed in that medium. 


a) EXECUTE: The light travels a distance 4/h? +x° in traveling from point A to the interface. Along this path 
8 I 8 p 8 P 


2 2 
i +x 


the speed of the light is v,, so the time it takes to travel this distance is 1, = . The light travels a 


vi 
distance ,/h; +(/—x)’ in traveling from the interface to point B. Along this path the speed of the light is v,, 


Jie +l -x> 


v. 


so the time it takes to travel this distance is t, = . The total time to go from A to B is 


2 


Sheta? Jh +(l+ x)? 


1 Vo 


b Z- Hije +2) "7Q2x)+ Hia + (1-292) =0 


vi Vy 


ft +6 = 


X l-x 
vyh +x vh +(l-xy 


c 
Multiplying both sides by c gives = 
vighet v fh? + —xy 


x c l-x 


£L <n, and £ =n, (Eq.33.1) 
V, y, 


1 2 


x lx 

From Fig.33.55 in the textbook, sind, = ———— and sin 0, = —————_.. 

ha? > 2 +(1—x)? 
So n sin, =n,sin@,, which is Snell’s law. 
EVALUATE: Snell’s law is a result of a change in speed when light goes from one material to another. 
IDENTIFY: Apply Snell's law to each refraction. 
SETUP: Refer to the angles and distances defined in the figure that accompanies the problem. 
EXECUTE: (a) For light in air incident on a parallel-faced plate, Snell’s Law yields: 
asin, =n'sinð, =n'sind, =nsind => sind, =sind! > 6, =6"'. 


(b) Adding more plates just adds extra steps in the middle of the above equation that always cancel out. The 
requirement of parallel faces ensures that the angle @’ = @, and the chain of equations can continue. 
(c) The lateral displacement of the beam can be calculated using geometry: 
t S93 tsin(@, = 55). 
cos6, cos0, 


nsin@, Z resin sin ser) -30.5° and d= (2.40 cm)sin(66.0° — 30.5°) 
i cos30.5° 
EVALUATE: The lateral displacement in part (d) is large, of the same order as the thickness of the plate. 
IDENTIFY: Apply Snell’s law to each refraction and apply the law of reflection to each reflection. 

SETUP: The paths of rays A and B are sketched in Figure 33.59. Let 0 be the angle of incidence for the 
combined ray. 

EXECUTE: For ray A its final direction of travel is at an angle @ with respect to the normal, by the law of 
reflection. Let the final direction of travel for ray B be at angle ¢ with respect to the normal. At the upper surface, 


d =Lsin(@, —6,) and L = 


(d) & = aresin( =1.62 cm. 


Snell’s law gives n sin =n, sina . The lower surface reflects ray B at angle a . Ray B returns to the upper 
surface of the film at an angle of incidence @ . Snell’s law applied to the refraction as ray B leaves the film gives 
n, sing =n,sing. Combining the two equations gives n sin =n,sing and 0 = ¢ ; the two rays are parallel after 
they emerge from the film. 
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33.60. 


33.61. 


33.62. 


EVALUATE: Ray B is bent toward the normal as it enters the film and away from the normal as it refracts out of 
the film. 


Figure 33.59 


IDENTIFY: Apply Snell's law and the results of Problem 33.58. 
SET Up: From Figure 33.58 in the textbook, n, =1.61 for red light and n, = 1.66 for violet. In the notation of 


Problem 33.58, ¢ is the thickness of the glass plate and the lateral displacement is d. We want the difference in d for 
i ; bee ress . yr _ (1.00)sin 70.0° 
the two colors of light to be 1.0 mm. 8, =70.0° . For red light, n, sind, =n,sin@, gives sin, = —e 
(1.00)sin 70.0° 


1.66 
EXECUTE: (a)n decreases with increasing À , so n is smaller for red than for blue. So beam a is the red one. 


and 8; =35.71°. For violet light, sin 6; = and 6; =34.48°. 


(b) Problem 33.58 says d = 1 Sin, 4) Tordi gee ult ) — 0,6938¢ and for violet light, 
cos6, cos35.71 
sin(70° —35.48°) 0.10 cm 


d,=t =0.7048t . d,—d, =1.0 mm gives t = 9.1 cm 


cos35.48° 0.7048-0.6958 
EVALUATE: Our calculation shown that the violet light has greater lateral displacement and this is ray b. 
IDENTIFY: Apply Snell's law to the two refractions of the ray. 
SETUP: Refer to the figure that accompanies the problem. 


; 3 f . . A A _ (A s A+2 _ A 
EXECUTE: (a) n sind, =n,sin@, gives sind, Pips Bit 6, Sar , SO snf 4+a)=sin 5 = aT 


At each face of the prism the deviation is @ , so 2a@=6 and sin ave 


_ A 
=nsin—. 
2 


60.0° 


(b) From part (a), 6 =2arcsin (n sn) -A.6= 2aresin{ a .52)sin —60.0° = 38.9°. 


(c) If two colors have different indices of refraction for the glass, then the deflection angles for them will differ: 


fe} 


Ord = 2aresin a .61)sin “2 )- 60.0° = 47.2° 


fe} 


Oron = 2aresin a .66)sin a J- 60.0° = 52.2° > Ad = 52.2° — 47.2° = 5.0° 


violet 


EVALUATE: The violet light has a greater refractive index and therefore the angle of deviation is greater for the 
violet light. 

IDENTIFY: The reflected light is totally polarized when light strikes a surface at Brewster’s angle. 

SET Up: At the plastic wall, Brewster’s angle obeys the equation tan 6, = n;/n,, and Snell’s law, 

n, sin@, = n, sin 6,, applies at the air-water surface. 

EXECUTE: To be totally polarized, the reflected sunlight must have struck the wall at Brewster’s angle. tan 6, = 
ny/Ng = (1.61)/(1.00) and 6, = 58.15° 

This is the angle of incidence at the wall. A little geometry tells us that the angle of incidence at the water surface 
is 90.00° — 58.15° = 31.85°. Applying Snell’s law at the water surface gives 


(1.00) sin31.85° = 1.333 sin @and O= 23.3° 


EVALUATE: We have two different principles involved here: Reflection at Brewster’s angle at the wall and 
Snell’s law at the water surface. 
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33.64. 


33.65. 


IDENTIFY and SET UP: The polarizer passes + of the intensity of the unpolarized component, independent of ¢. 


Out of the intensity 7, of the polarized component the polarizer passes intensity [, cos*(¢—0), where ¢—@ is the 
angle between the plane of polarization and the axis of the polarizer. 


(a) Use the angle where the transmitted intensity is maximum or minimum to find @. See 
Figure 33.63. 


polarization axis of 
polarized component 


x 


Figure 33.63 


EXECUTE: The total transmitted intensity is J =5/, + J, cos’(¢—@). This is maximum when 6 =¢ and from the 
table of data this occurs for ø between 30° and 40°, say at 35° and 0 =35°. Alternatively, the total transmitted 
intensity is minimum when ø -0 =90° and from the data this occurs for ø =125°. Thus, 

0=¢-90° =125° -90° =35°, in agreement with the above. 

(b) IDENTIFY and SETUP: J =4/, +1, cos’(¢—-@) 

Use data at two values of ø to determine the two constants /, and /,. Use data where the /, term is large 

(¢ =30°) and where it is small (ø =130°) to have the greatest sensitivity to both /, and 7, : 

EXECUTE: ¢=30° gives 24.8 W/m? = 4/, +1, cos’(30°—35°) 

24.8 W/m? = 0.500, + 0.9924/, 

ġ =130° gives 5.2 W/m? =41, + I, cos’ (130° —35°) 

5.2 W/m? =0.500/, +0.0076/, 

Subtracting the second equation from the first gives 19.6 W/m? = 0.98487, and 7, =19.9 W/m’. And then 

I, =2(5.2 W/m? — 0.0076(19.9 W/m’)) =10.1 W/m’. 

EVALUATE: Now that we have J,, 7, and @ we can verify that J =5/, + J, cos’(¢—@) describes that data in the 


table. 
IDENTIFY: The number of wavelengths in a distance D of material is D/A, where / is the wavelength of the 
light in the material. 


me . D D 1 
SETUP: The condition for a quarter-wave plate is z = Fi + T where we have assumed n >n, so & >44. 


EXECUTE: (a) eee Slee and a 
A A, 4 4(n, —n,) 

aay 
fy ye sO ae E T 


~4(n,—n,)  4(1.875—1.635) 
EVALUATE: The thickness of the quarter-wave plate in part (b) is 614 nm, which is of the same order as the 
wavelength in vacuum of the light. 

IDENTIFY: Follow the steps specified in the problem. 

SETUP: cos(« — p) =sinasin J +cosæcos p . sin(a— f) =sinacos B-—cosasinf . 

EXECUTE: (a) Multiplying Eq.(1) by sin 8 and Eq.(2) by sin æ yields: 


(1): —sin 2 =sin otcosasin 2 — cos øtsin asin 2 and (2): “sina = sin æt cos J sina —cosatsin J sina . 
a a 


; ; xsin J — ysina . : : 
Subtracting yields: A= Jane =sinot(cosasin J — cos J sin q). 


a 
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(b) Multiplying Eq. (1) by cos Z and Eq. (2) by cos æ yields: 


X é $ $, ‘ 
(1):—cos 2 = sin æt cos æ cos 2 —cosatsinacos p and (2): Zcosa = sin æt cos J cosa — cos øt sin J cosa . 
a a 


xcos J — y cosa 


Subtracting yields: = —cos æt (sin æ cos J —sin J cos æ). 


a 
(c) Squaring and adding the results of parts (a) and (b) yields: 


(xsin 2 — ysing)}? + (xcos 2 — ycosa) =a’ (sing cos 8 —sin f cosa)? 
(d) Expanding the left-hand side, we have: 

x’ (sin? S +cos? 8) + y’ (sin? æ + cos? æ) —2xy(sinasin 2 + cosacos 2) 

=x" + y’ —2xy(sinæsin B + cosacos 8) = x° + y? —2xycos(a — f). 
The right-hand side can be rewritten: a*(sinacos 8 —sin cosa)? =a’ sin?’ (æ — 2). Therefore, 
x’ +y’ —2xycos(a — 8) =a’ sin?’ (a — 2). Or, x? + y’ —2xycos6 =a’ sin? 6, where 6 =a — £. 
EVALUATE: (e) 5 =0:x7+y" —2xy =(x- y) =0=> x= y, which is a straight diagonal line 


2 
ô= x+y V2xy = - , which is an ellipse 
ô= - :x° + y’ =a’,which is a circle. This pattern repeats for the remaining phase differences. 


IDENTIFY: Apply Snell's law to each refraction. 
SETUP: Refer to the figure that accompanies the problem. 


EXECUTE: (a) By the symmetry of the triangles, 0; = 07, and 0° = 0? = 0? =6;'. Therefore, 
sinf =nsin@° =n sinf =sin04 = Of = 04. 


b) The total angular deflection of the ray is A = 04 — 07 + 7-207 + 06 -0S =204 —46/ + 7. 
8 


: ; eit As 
c) From Snell’s Law, sin 04 =n sin 0f => 67 = arcsin | —sin 64 |. 
a b b n a 


A=204 -40; +7 =204 - 4aresin{ “sin 0) +7. 
n 


- 2 2 
(d) LE eee cl Pee 1 an? >0=2 3 Pea ma = sc 4). 
dos dos n sin’ 0, n n n 


1 n 


1 
4cos’ 0, =n? -1+ cos’, . 3cos? 8, =n? —1. cos? 0, =e -1). 


(e) For violet: 6, = arccos l kor -n = arccos l [0.342 -» | =58.89°. 


A violet = 139.2° => Orie, = 40.8°. 


violet violet 


[1 [1 
For red: 0, = arccos l 3 -» | = arccos l 70330 -») =59.58°. Aea =137.5° > 6,,, = 42.5°. 


EVALUATE: The angles we have calculated agree with the values given in Figure 37.20d in the textbook. 0, is 


larger for red than for violet, so red in the rainbow is higher above the horizon. 
IDENTIFY: Follow similar steps to Challenge Problem 33.66. 

SETUP: Refer to Figure 33.20e in the textbook. 

EXECUTE: The total angular deflection of the ray is 


A=64-04 +2-20/ +2 -204 +04 — 64 = 204 — 66; +27, where we have used the fact from the previous 


problem that all the internal angles are equal and the two external equals are equal. Also using the Snell’s Law 


: : _ (1. 
relationship, we have: 0,7 = arcsin sin 0) . A=264 - 604 +27 = 204 - saresin{ sin 0) +27. 
n n 


33-20 Chapter 33 
(b) A =0=2-6 2 arcsin lin oA >0=2 6 cos0, 
dé. do: 7 = 


sin, — 
|1- 2 2 


Rp 
a 2a 2) 1+cos’ 0,) =9cos’ 0, . cos” 6, = 1), 


2 
n 


(c) For violet, 0, = arccos l kor = »| = arccos l kasa -n =71.55°. A voip =233.2° and Oise =53.2°. 
ee: 1 2 
For red, 0, = arccos z” —1) |= arccos en —1) |=71.94°. Aa =230.1° and 6, =50.1°. 


EVALUATE: The angles we calculated agree with those given in Figure 37.20e in the textbook. The color that 
appears higher above the horizon is violet. The colors appear in reverse order in a secondary rainbow compared to 
a primary rainbow. 
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34.1. 


34.2. 


34.3. 


34.4. 


34.5. 


IDENTIFY and SET UP: Plane mirror: s =—s’ (Eq.34.1) and m = y'/ y =—s'/s =+1 (Eq.34.2). We are given s 
and y and are asked to find s’ and y’. 


EXECUTE: The object and image are shown in Figure 34.1. 
s' =-s =-39.2 cm 


4.85 em | | | fass cm |v" = |m||y} =, (+1)(4.85 cm) 
y' | =4.85 cm 


<— 39.2 cm 39.2 cm —> 


Figure 34.1 


The image is 39.2 cm to the right of the mirror and is 4.85 cm tall. 
EVALUATE: Fora plane mirror the image is always the same distance behind the mirror as the object is in front 
of the mirror. The image always has the same height as the object. 


he : h d 
IDENTIFY: Similar triangles say — = = T 
SETUP: dan =0.350 M, hin =0.0400 m and d, =28.0 m+0.350 m. 
d i : 
Bigicures’ hey Sh. = 0,040 og oa 
d 0.350 m 


EVALUATE: The image of the tree formed by the mirror is 28.0 m behind the mirror and is 3.24 m tall. 
IDENTIFY: Apply the law of reflection. 
SET Up: If up is the +y-direction and right is the +x-direction, then the object is at (—x),-y,)and P, is at 
(X,—Yo) ‘ 
EXECUTE: Mirror 1 flips the y-values, so the image is at (x), Yọ) which is Py. 
EVALUATE: Mirror 2 uses P’ as an object and forms an image at P}. 
IDENTIFY: f =R/2 
SET Up: Fora concave mirror R>0. 
R_ 34.0 cm 


EXECUTE: (a) LSS 5 =17.0 cm 


EVALUATE: (b) The image formation by the mirror is determined by the law of reflection and that is unaffected 
by the medium in which the light is traveling. The focal length remains 17.0 cm. 
IDENTIFY and SET Up: Use Eq.(34.6) to calculate s’ and use Eq.(34.7) to calculate y’. The image is real if s’ is 


positive and is erect if m>0. Concave means R and fare positive, R = +22.0 cm; f = R/2=+11.0 cm. 
EXECUTE: (a) 


Three principal rays, 
numbered as in Sect. 34.2, 
are shown in Figure 34.5. 
The principal ray diagram 
shows that the image is 
real, inverted, and 
enlarged. 


object 


image 


Figure 34.5 


34-1 


34-2 Chapter 34 
1 1 1 
b) -+5=— 
s so ff 
1 1 1 = s-f PEE sf _ M65 cm)(11.0 cm) _ 44 0 cm 
S f s f s—f 16.5 cm-11.0 cm 
s'>0 so real image, 33.0 cm to left of mirror vertex 
= ~~ <= = -2.00 (m <0 means inverted image) |y'| =|ml|y| = 2.00(0.600 cm) =1.20 cm 
s Som 


34.6. 


34.7. 


34.8. 


34.9. 


EVALUATE: The image is 33.0 cm to the left of the mirror vertex. It is real, inverted, and is 1.20 cm tall 
(enlarged). The calculation agrees with the image characterization from the principal ray diagram. A concave 
mirror used alone always forms a real, inverted image if s > f and the image is enlarged if f< s < 2f. 

s! 


1 1 1 
IDENTIFY: Apply —-+—=— and m= . 
s s f sS 


: R 
SETUP: Fora convex mirror, R<0. R=-22.0 cmand f = z =-11.0 cm. 


EXECUTE: (a) The principal-ray diagram is sketched in Figure 34.6. 
1 1 1 16. -11. ' 6.6 
REEE E E ea een we ™ — 40.400. 
s s f s—f 16.5 cm-(-11.0 cm) s 16.5 cm 
yl= Im|y = (0.400)(0.600 cm) = 0.240 cm . The image is 6.6 cm to the right of the mirror. It is 0.240 cm tall. 
s’ <0, so the image is virtual. m > 0 , so the image is erect. 
EVALUATE: The calculated image properties agree with the image characterization from the principal-ray diagram. 


ae Y 
Bs F (a 
: 
a. A - 
Image 


Figure 34.6 
IDENTIFY: : g 2d ae \m| = *| Find m and calculate y'. 
s s f s 
SETUP: f=+1.75m. 
EXECUTE: s> fso s'=f=1.75m. 
ma- >a Loi 3.14x10™. |y'|=|m| y = (3.14x10°'')(6.794 x 10° m) =2.13x10* m =0.213 mm . 


s 5.58x10° m 
EVALUATE: The image is real and is 1.75 m in front of the mirror. 


1 eee eee | ' 
IDENTIFY: Apply —+—=— and m=-~. 
s s f s 


SET UP: The mirror surface is convex so R = -3.00 cm. s=24.0 cm -3.00 cm =21.0 cm. 


EXECUTE: f =Ž=-1.50 cm. ! Pet Joa 2 OL Tae 2 


ae 
s s f s-—f 21.0 cm-(-1.50 cm) 
1.40 cm behind the surface so it is 3.00 cm—1.40 cm =1.60 cm from the center of the ornament, on the same side 


aeina toner | = |m| y = (0.0667)(3.80 mm) = 0.253 mm . 
Ss 21.0 cm 


EVALUATE: The image is virtual, upright and smaller than the object. 

IDENTIFY: The shell behaves as a spherical mirror. 

SETUP: The equation relating the object and image distances to the focal length of a spherical mirror is 
| ree eee | f IRATA Bt. 3 3 

=+— =— , and its magnification is given by m =-—. 

s s f s 


1.40 cm . The image is 
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34-3 


34.10. 


34.11. 


1 1 2 
= > —= 
s s f s -18.0cm —6.00 cm 
s'_ —6.00cm 1 


s  1l8.0cm 3 
EVALUATE: Since the magnification is less than one, the image is smaller than the object. 
IDENTIFY: The bottom surface of the bowl behaves as a spherical convex mirror. 


SETUP: The equation relating the object and image distances to the focal length of a spherical mirror is 


=> s =18.0 cm from the vertex. 


>y= ras cm) = 0.50 cm . The image is 0.50 cm tall, erect, and virtual. 


1 1 1 : Jorant con s' 
—+— =— , and its magnification is given by m =-—. 
s s f s 
i KTA SEA | 1 -2 1 : 
EXECUTE: f—=—>—= => s'=-15 cm behind bowl. 
s s f s 35cm 90cm 
s’ 15cm 


a0 = 0.167 > y’ = (0.167)(2.0cm)= 0.33 cm. The image is 0.33 cm tall, erect, and virtual. 
s cm 


EVALUATE: Since the magnification is less than one, the image is smaller than the object. 
IDENTIFY: We are dealing with a spherical mirror. 
SETUP: The equation relating the object and image distances to the focal length of a spherical mirror is 


1 1 1 ; E 4s s' 
—+—=— , and its magnification is given by m =-—. 
s s f s 
Le Len T T S fF. f i i 
EXECUTE: (a) —-+7~=—~>—=— =£ D ya a A fe ty ec Í , 
ss f sfs P s-f s f-s 


(b) The graph is given in Figure 34.1 1a. 

(c) s'>Ofors>f,s <0. 

(d) s’<Ofor0<s</f. 

(e) The image is at negative infinity, “behind” the mirror. 
(£) At the focal point, s = f. 

(g) The image is at the mirror, s’=0. 

(h) The graph is given in Figure 34.1 1b. 

(i) Erect and larger if 0 < s < f. 

(j) Inverted if s > f. 


(k) The image is smaller if s >2f ors <0. 


(1) As the object is moved closer and closer to the focal point, the magnification increases to infinite values. 


EVALUATE: As the object crosses the focal point, both the image distance and the magnification undergo 
discontinuities. 
m 


5.00 


m against s 


3.00 


1.00 


1.00 


3.00 | 


-5.00 sIf 


-3.00 —2.00 —1.00 0.00 1.00 2.00 3.00 4.00 5.00 © 


(a) 


5.00 


3.00 


1.00 


—1.00 


—3.00 


—5.00 sif 
—3.00 —2.00 —1.00 0.00 1.00 2.00 3.00 4.00 5.00 
(b) 

Figure 34.11 


34-4 Chapter 34 
34.12. IDENTIFY: s'= f and m= f : 
s—f f-s 
SETUP: With f=-|f]|, s' =- sll and m= u ; 
s+|f| s+|f| 
EXECUTE: The graphs are given in Figure 34.12. 
(a) s'>0 for-|f|<s <0. 
(b) s’ <0 for s <-|f|and s <0. 
(c) If the object is at infinity, the image is at the outward going focal point. 
(d) If the object is next to the mirror, then the image is also at the mirror 
(e) The image is erect (magnification greater than zero) for s > — | f | ; 
(£) The image is inverted (magnification less than zero) for s < -— | f | ; 
(g) The image is larger than the object (magnification greater than one) for -2| f | <s <0. 
(h) The image is smaller than the object (magnification less than one) for s > 0 and s < — 2| f | : 
EVALUATE: Fora real image (s > 0), the image formed by a convex mirror is always virtual and smaller than the 
object. 
s'hfi 
5.00 
3.00 7 
1.00 
—1.00 
—3.00 
-5.00 sif\ 
—3.00 —2.00 —1.00 0.00 1.00 2.00 3.00 4.00 5.00 
m 
5.00 eese eaei 
3.00 i 7 
1.00 
=1:00 
—3.00 
-5.00 shifil 
—3.00 —2.00 —1.00 0.00 1.00 2.00 3.00 4.00 5.00 
Figure 34.12 
34.13. IDENTIFY: a +} al and m=2-=—*., 
s s f y s 
SETUP: m= +2.00 and s=1.25 cm. An erect image must be virtual. 
EXECUTE: (a) s'= s and m =-— f . For a concave mirror, m can be larger than 1.00. For a convex mirror, 
s— s— 
|z] =-f so m=+ a and m is always less than 1.00. The mirror must be concave ( f > 0). 
st 
1 s+ : i 2) 
(i) E =a 0g andy 00g, fe E 
f ss sts s s — 2.00s 


R=2f = +5.00 cm. 
(c) The principal ray diagram is drawn in Figure 34.13. 
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EVALUATE: The principal-ray diagram agrees with the description from the equations. 


Serre 


Object Image 


Figure 34.13 


34.14. IDENTIFY: Apply Lye s. and m=—~. 
s s f s 


SETUP: Fora concave mirror, R >0. R=32.0 cm and f = > =16.0 cm. 


EXECUTE: (a) l + l = l As sf = (12.0cm (6.0 cm) =—48.0 cm. m E See e 44.00. 

s s ff s—-f 12.0 cm-16.0 cm s 12.0 cm 
(b) s'=-—48.0 cm, so the image is 48.0 cm to the right of the mirror. s'< 0 so the image is virtual. 
(c) The principal-ray diagram is sketched in Figure 34.14. The rules for principal rays apply only to paraxial rays. 
Principal ray 2, that travels to the mirror along a line that passes through the focus, makes a large angle with the 
optic axis and is not described well by the paraxial approximation. Therefore, principal ray 2 is not included in the 
sketch. 
EVALUATE: A concave mirror forms a virtual image whenever s< f . 


Figure 34.14 


34.15. IDENTIFY: Apply Eq.(34.11), with R > œ. |s’ 


SETUP The image and object are shown in Figure 34.15. 


air 


is the apparent depth. 


ss R 
R — œ (flat surface), so 


n, = 1.00 


ice 
\s"| 
image 


na = 1.309 


s = 3.50 cm Na, 4 My = 


ssl 
object 
Figure 34.15 


EXECUTE: s=- = (100X390 Cmi) = —2.67 cm 
n 1.309 


The apparent depth is 2.67 cm. 
EVALUATE: When the light goes from ice to air (larger to smaller n), it is bent away from the normal and the 
virtual image is closer to the surface than the object is. 
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34.16. 


34.17. 


34.18. 


34.19. 


. n 
IDENTIFY: The surface is flat so R—oand — +4 
s s 


SET UP: The light travels from the fish to the eye, so n, =1.333 and n, =1.00. When the fish is viewed, 
s =7.0 cm. The fish is 20.0 cm—7.0 cm =13.0 cm above the mirror, so the image of the fish is 13.0 cm below the 
mirror and 20.0 cm +13.0 cm =33.0 cm below the surface of the water. When the image is viewed, s =33.0 cm. 


2 =0. 


EXECUTE: (a) s’= (2 } = G a ao cm) = -5.25 cm. The apparent depth is 5.25 cm. 
n 7 


(b) s'= (2 } = G O30 cm) = -24.8 cm. The apparent depth of the image of the fish in the mirror is 24.8 cm. 
n : 


EVALUATE: In each case the apparent depth is less than the actual depth of what is being viewed. 


“4 a sB ya Light comes from the fish to the person’s eye. 

S sS R n,S 

SETUP: R=-14.0 cm. s =+14.0 cm . n, =1.333 (water). n, =1.00 (air). Figure 34.17 shows the object and the 
refracting surface. 


1.333 1.00 1.00-1.333 , 


IDENTIFY: 


(1.333)(-14.0 cm) _ 


EXECUTE: (a) +— . s =-140cm. m= +1.33. 
14.0cm ž s —14.0 cm (1.00)(14.0 cm) 
The fish’s image is 14.0 cm to the left of the bowl surface so is at the center of the bowl and the magnification is 1.33. 
(b) The focal point is at the image location when s >. "a =" =" . n,=1.00. n, =1.333. R=+14.0 cm. 
s 


1.333 _1:333=-1.00 
s' 14.0 cm 
does not focus the sunlight to a point inside the bowl. The focal point is outside the bowl and there is no danger to the fish. 
EVALUATE: In part (b) the rays refract when they exit the bowl back into the air so the image we calculated is not 

the final image. 


. s'=+56.0 cm. s’ is greater than the diameter of the bowl, so the surface facing the sunlight 


Air 
Ne 
_—> 
Water Incident Water 
rays Mb 
Fish Air Taj 
np 
(a) (b) 
Figure 34.17 
n n no-n 
IDENTIFY: Apply +—=-—+. 
sS sS R 


SET UP: Fora convex surface, R>0. R=+3.00 cm. n,=1.00, n, =1.60. 


n n, —n 
EXECUTE: (a) soo, — = | 


s' R 
8.00 cm to the right of the vertex. 
1.00 1.60 _1.60-1.00 


' 


Ocm s' 3.00 cm 
1.00 1.60 1.60—1.00 
200cm  s' 3.00 cm 
EVALUATE: The image can be either real ( s’ > 0 ) or virtual ( s' <0 ), depending on the distance of the object 
from the refracting surface. 
IDENTIFY: The hemispherical glass surface forms an image by refraction. The location of this image depends on 
the curvature of the surface and the indices of refraction of the glass and oil. 
SETUP: The image and object distances are related to the indices of refraction and the radius of curvature by the 


r-( 1:60 J430 em) =+8.00 em . The imago is 
on 1.60 —1.00 


b) s =12.0 cm. . s'=+13.7 cm. The image is 13.7 cm to the right of the vertex. 
g 8 


(c) s = 2.00 cm. s' =—5.33 cm. The image is 5.33 cm to the left of the vertex. 


. A, n, nh, 
equation “+—-=——— . 
S sS R 
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Execute: “+47 =“»7% _, 2a H ped EON => s =0.395 cm 
Soag R s 1.20m  0.0300m 
EVALUATE: The presence ofthe oil changes the location of the image. 
34.20. Ipentiry:; “242% m-i, 
ss’ R ns 


b 


SETUP: R=+4.00 cm. n,=1.00. n,=1.60. s=24.0 cm. 

1 1.60 = 1.60 —1.00 a ee ee (1.00)(14.8 cm) _ 
24.0cm s 4.00 cm (1.60)(24.0 cm) 
= Im|y = (0.385)(1.50 mm) = 0.578 mm. The image is 14.8 cm to the right of the vertex and is 0.578 mm tall. 


0.385 . 


EXECUTE: 


y' 
m <0 , so the image is inverted. 
EVALUATE: The image is real. 

34.21. IDENTIFY: Apply Eqs.(34.11) and (34.12). Calculate s’ and y'. The image is erect if m > 0. 


SETUP: The object and refracting surface are shown in Figure 34.21. 
R = —4.00 cm 


y = 1.50 mm 


s = +24.0 cm 
Figure 34.21 
EXECUTE: 704% =% rh 
ss’ R 
1.00, 1.60 _ 1.60-1.00 
24.0cm s’ 4.00 cm 
Base 38.4 
Multiplying by 24.0 cm gives 1.00 +—— = -3.60 
S 
BE eya arse eas Gan 
s' 4.60 
FAGA Djema E aa LRN 
ns (1.60)(+24.0 cm) 
y'|=|m]|y| = (0.217)0.50 mm) = 0.326 mm 


EVALUATE: The image is virtual (s'< 0) and is 8.35 cm to the left of the vertex. The image is erect (m>0) and 


is 0.326 mm tall. R is negative since the center of curvature of the surface is on the incoming side. 

34.22. IDENTIFY: The hemispherical glass surface forms an image by refraction. The location of this image depends on 
the curvature of the surface and the indices of refraction of the glass and liquid. 
SETUP: The image and object distances are related to the indices of refraction and the radius of curvature by the 


. n ny mn, 
equation —+—; = 
S sS R 
n, n, no-n n 1.60 1.60-n 
EXECUTE: ~ +2 =2 44 = “=n, =1.24. 


ss’ R 140cm  9.00cm 4.00cm 
EVALUATE: The result is a reasonable refractive index for liquids. 


' 
S 


xK 
y s 
o 


; ee ee | 
34.23. IDENTIFY: Use 750 vf pou ) to calculate f. The apply T and m= 
i sS s 


2 


SETUP: R —>œ. R, =-13.0 cm. Ifthe lens is reversed, R, = +13.0 cm and R, > 


EXECUTE: (a) do (0.70) : l = AA and f =18.6 cm. E stat 32 2J ; 
f œ -—13.0cm/ 13.0 cm Ss fs f 
pe sf n (22.5 cm)(18.6 cm) -107 ene Wee 107 cm 476. 
s—f 22.5 cm-18.6 cm s 22.5 cm 


y' =my = (—4.76)(3.75 mm) = -17.8 mm . The image is 107 cm to the right of the lens and is 17.8 mm tall. The 


image is real and inverted. 


(b) L =(n-!1) : l and f =18.6 cm. The image is the same as in part (a). 
f 13.0cm œ 


EVALUATE: Reversing a lens does not change the focal length of the lens. 
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34.24. IDENTIFY: X p = . The sign of f determines whether the lens is converging or diverging. 
s s 
SETUP: s=16.0 cm. s'=-12.0 cm. 
EXECUTE: (a) f= aee CAE E =—48.0 cm. f <Oand the lens is diverging. 
s+s' 16.0 cm + (-12.0 cm) 
Qj m=- S= =" em L 40.750. | =|m| y = (0.750)(8.50 mm) =6.38 mm. m >0 and the image is erect. 
.0 cm 
(c) The principal-ray diagram is sketched in Figure 34.24. 
EVALUATE: A diverging lens always forms an image that is virtual, erect and reduced in size. 
1 
Object 
Image 
Figure 34.24 
34.25. IDENTIFY: The liquid behaves like a lens, so the lensmaker’s equation applies. 
SET Up: The lensmaker’s equation is l H : =(n of PE } and the magnification of the lens is m = ae: 3 
s s o R, s 
1 1 Erani 1 1 1 1 
EXECUTE: (a) —+—=(n-l) > +—=(1.52-1) 
s s R R, 24.0cm s -7.00cm —4.00 cm 
=> s'=71.2 cm, to the right of the lens. 
i 1.2 
(ies Ee 7 
s 24.0 cm 
EVALUATE: Since the magnification is negative, the image is inverted. 
34.26. IDENTIFY: Apply m= Z =—* torelate s' and s and then use £ + as = 2 : 
y s Ss of 
SET Up: Since the image is inverted, y’<Qand m<0. 
Execure: m=Ż -20m 1406. m=—© gives s'= 41.4068. 1+ 4=+ gives 
y 3.20 cm s s s f 
! : = : and s =154 cm. s'=(1.406)(154 cm) =217 cm. The object is 154 cm to the left of the 
s 1.406s 90.0 cm 
lens. The image is 217 cm to the right of the lens and is real. 
EVALUATE: For a single lens an inverted image is always real. 
34.27. IDENTIFY: The thin-lens equation applies in this case. 
Pol) 2a, Pai ry! 
SETUP: The thin-lens equation is — + — =—, and the magnification is m = aero a 
s s f s y 
EXECUTE: m=% -= aana =425=-* = aon => s =2.82 cm. The thin-lens equation gives 
y 8.00 mm s s 
Weed 
—+—=—=> f =3.69 cm. 
s s f 
EVALUATE: Since the focal length is positive, this is a converging lens. The image distance is negative because 
the object is inside the focal point of the lens. 
34.28. IDENTIFY: Apply m= -Ž to relate s and s'. Then use ee =F ; 
s s s 


SETUP: Since the image is to the right of the lens, s'>0. s'+s=6.00 m. 
EXECUTE: (a) s'=80.0s and s+ s'= 6.00 m gives 81.00s =6.00 mand s =0.0741m. s'=5.93m. 
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34.29. 


34.30. 


34.31. 


34.32. 


(b) The image is inverted since both the image and object are real (s’ > 0, s > 0). 
(c) l = l i : = l i L => f =0.0732 m, and the lens is converging. 
f oss’ 0.0741m 5.93m 


EVALUATE: The object is close to the lens and the image is much farther from the lens. This is typical for slide 
projectors. 


1 1 1 
IDENTIFY: Apply —=(n Hf | 
f R R, 


SETUP: Fora distant object the image is at the focal point of the lens. Therefore, f =1.87 cm. For the double- 


convex lens, R, =+R and R, =—R, where R=2.50 cm. 

nae: 1 = ol 1 j-e. oe R „1 = _2:50 em 
f R -R R 2f 2(1.87 cm) 

EVALUATE: f >0 and the lens is converging. A double-convex lens is always converging. 


+1=1.67. 


IDENTIFY and SET UP: Apply LG | -) 
A R R, 


EXECUTE: We have a converging lens if the focal length is positive, which requires 


1 1 1 1 : ‘ 
L =(n-1) ) >0> (+ — +) >0. This can occur in one of three ways: 
f 1 R, 1 2 


(i) R and R, both positive and R, < R,. (ii) R, 20, R, <0 (double convex and planoconvex). 
(iii) R, and R, both negative and |R] > |R,| (meniscus). The three lenses in Figure 35.32a in the textbook fall into 


these categories. 
We have a diverging lens if the focal length is negative, which requires 


1 1 : ; 
d =(n-1) Med ) <0> [+ -4] <0. This can occur in one of three ways: 
S R R, R R, 

(i) R, and R, both positive and R, > R, (meniscus). (ii) R, and R, both negative and |R| > |R| . (ili) R, $0, R, 20 
(planoconcave and double concave). The three lenses in Figure 34.32b in the textbook fall into these categories. 
EVALUATE: The converging lenses in Figure 34.32a are all thicker at the center than at the edges. The diverging 
lenses in Figure 34.32b are all thinner at the center than at the edges. 


IDENTIFY and SET Up: The equations : H È = l and m=—~ apply to both thin lenses and spherical mirrors. 
s s s 

EXECUTE: (a) The derivation of the equations in Exercise 34.11 is identical and one gets: 

l H : 2 : 2 : EL s' zi -and also m=-2 = f : 

s s f si fs B s-f s f-s 


(b) Again, one gets exactly the same equations for a converging lens rather than a concave mirror because the 
equations are identical. The difference lies in the interpretation of the results. For a lens, the outgoing side is not 
that on which the object lies, unlike for a mirror. So for an object on the left side of the lens, a positive image 
distance means that the image is on the right of the lens, and a negative image distance means that the image is on 
the left side of the lens. 

(c) Again, for Exercise 34.12, the change from a convex mirror to a diverging lens changes nothing in the 
exercises, except for the interpretation of the location of the images, as explained in part (b) above. 

EVALUATE: Concave mirrors and converging lenses both have f > 0. Convex mirrors and diverging lenses both 


have f <0. 


IDENTIFY: Apply l H L = À and m=2-=-* 
s s f y s 
SETUP: f =+12.0 cmand s’=-17.0 cm. 
EXECUTE: rE L ee l >s =7.0 cm. 
s s$ f s 120cm -17.0cm 
m= ra ENO +2.4 aya UL +0.34 cm, so the object is 0.34 cm tall, erect, same side as the 
s 7.2 m 42.4 


image. The principal-ray diagram is sketched in Figure 34.32. 
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EVALUATE: When the object is inside the focal point, a converging lens forms a virtual, enlarged image. 


image 


Figure 34.32 


34.33. IDENTIFY: Use Eq.(34.16) to calculate the object distance s. m calculated from Eq.(34.17) determines the size 
and orientation of the image. 
SETUP: f =-48.0 cm. Virtual image 17.0 cm from lens so s'=-—17.0 cm. 
EXECUTE: Pel ee gg es Los=f 


s s f S fs f 
z sf _ (-17.0 cm)(—48.0 cm) _ 


s = = +26.3 cm 
s'—f -17.0 cm- (—48.0 cm) 
maA 17.0 om _ 15 646 
s +26.3 cm 
TEP E L E 
|m| 0.646 


The principal-ray diagram is sketched in Figure 34.33. 
EVALUATE: Virtual image, real object (s > 0) so image and object are on same side of lens. 
m > 0 so image is erect with respect to the object. The height of the object is 12.4 mm. 


image object 


Figure 34.33 


1 1 21 
34.34. IDENTIFY: Apply —+—=—. 
s s f 


SETUP: The sign of f determines whether the lens is converging or diverging. s =16.0 cm. s'= +36.0 cm. Use 


s ; i ; J 
m =—— to find the size and orientation of the image. 
s 


ss’ _ (16.0 cm)(36.0 cm) 
sts’ 16.0 cm +36.0 cm 
s’ 36.0 cm i ; ae 
b) m=-> =-T SE = 225. ly | =|m| y = (2.25)(8.00 mm) = 18.0 mm . m <0 so the image is inverted. 
s .0 cm 
(c) The principal-ray diagram is sketched in Figure 34.34. 
EVALUATE: The image is real so the lens must be converging. 


EXECUTE: (a) f= =l1.lem. f >0 and the lens is converging. 
ging 


Image 


Figure 34.34 
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34.36. 


34.37. 


34.38. 


34.39. 


34.40. 


IDENTIFY: Apply i + 2 = 4 ; 
s s f 


SETUP: The image is to be formed on the film, so s' = +20.4 cm. 


Ti vl AF 1 1 1 
EXECUTE: f—=—>-4 = 
s s f s 20.4cm 20.0cm 


EVALUATE: The object distance is much greater than f, so the image is just outside the focal point of the lens. 


IDENTIFY: Apply L p = È and m=2-=-*, 
s s f 


=> s =1020 cm =10.2 m. 


y s 

SETUP: s=3.90m. f=0.085m. 

EXECUTE: l H Lz ae : H bod => s' = 0.0869 m. yae yaa ins Ga so 
s s f 390m s  0.085m s 3.90 


it will not fit on the 24-mm x 36-mm film. 

EVALUATE: The image is just outside the focal point and s'~ f . To have y'=36 mm, so that the image will fit 
sy (0.085 m)(1.75 m) 
y —0.036 m 


' 
S 


on the film, s = 


=4.1m. The person would need to stand about 4.1 m from the lens. 


IDENTIFY: |m| = 


S 
SETUP: s>f,sos zaf. 


EXECUTE: (a) |m|= Sad |m| = Sim =1.4x10*. 
sS sS 200,000 mm 
f z 1 
A EAN = OO = 5.3. x10 
Ss Ss 200,000 mm 
EE = 2 1. 5x10, 
RY 200,000 mm 
EVALUATE: The magnitude of the magnification increases when f increases. 
IDENTIFY: — |m| = Sial 
S| y 
SETUP: s>f,sos'=f. 
EXECUTE: |y'|= à yr J y= 2 m (70.7 m) = 0.0372 m =37.2 mm. 
s s 9.50x10° m 


EVALUATE: A very long focal length lens is needed to photograph a distant object. 
IDENTIFY and SET UP: Find the lateral magnification that results in this desired image size. Use Eq.(34.17) to 
relate m and s' and Eq.(34.16) to relate s and s' to f. 

36x10° m 


33 
24x10 m _ 1.5x10~. Alternatively, m =-————— = -1.5 x 10. 
160 m 240 m 


EXECUTE: (a) We need m= 
s>fsos's f 


Then m=—~= -£ =-1.5x10* and f =(1.5x10™%)(600 m) = 0.090 m =90 mm. 


s s 
A smaller f means a smaller s’ and a smaller m, so with f= 85 mm the object’s image nearly fills the picture area. 
E3 x 
(b) We need m= a =-3.75x10~. Then, as in part (a), £ =3.75x10° and 
6m s 


f =(40.0 m)(3.75 x10) =0.15 m =150 mm. Therefore use the 135 mm lens. 
EVALUATE: When s> f and s’= f, y'=—f(y/s). For the mobile home y/s is smaller so a larger fis needed. 
Note that m is very small; the image is much smaller than the object. 


IDENTIFY: Apply du = a to each lens. The image of the first lens serves as the object for the second lens. 
s s 


SETUP: Fora distant object, s > œ% 
EXECUTE: (a) s, =% >s; = f, =12 cm. 
(b) s, =4.0 cm -12 cm = -8 cm. 
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(c) ! H lie Ls : H l 5a! => s} =24 cm, to the right. 
s s f -8cm s, -12cm 
; Ld 1 1 1 ; 
(d) s =% =s =f, =12cm. s,=8.0cm—-12cm=-4cm. —-+~=—> $—= => s, =6 cm. 
i s s$ f —4cm s, -12cm 


34.41. 


34.42. 


34.43. 


34.44. 


34.45. 


EVALUATE: In each case the image of the first lens serves as a virtual object for the second lens, and s, <0. 


IDENTIFY: The fnumber ofa lens is the ratio of its focal length to its diameter. To maintain the same exposure, 
the amount of light passing through the lens during the exposure must remain the same. 
SETUP: The f-number is f/D. 
; f . 180.0 mm ; ; . ; : 

EXECUTE: (a) f-number = — > f-number = ————— > f-number =f /11 . (The f-number is an integer.) 

D 16.36 mm 
(b) 711 to f/2.8 is four steps of 2 in intensity, so one needs 1/16" the exposure. The exposure should be 1/480 s = 
2.1x10° s=2.1 ms. 
EVALUATE: When opening the lens from f/11 to //2.8, the area increases by a factor of 16, so 16 times as much 
light is allowed in. Therefore the exposure time must be decreased by a factor of 1/16 to maintain the same 
exposure on the film or light receptors of a digital camera. 
IDENTIFY and SET UP: The square of the aperture diameter is proportional to the length of the exposure time 
required. 


1 8mm ) (1 
EXECUTE: Ss z S 
30 23.1 mm 250 


EVALUATE: An increase in the aperture diameter decreases the exposure time. 


IDENTIFY and SET Up: Apply L p = + to calculate s’. 
S S 


EXECUTE: (a) A real image is formed at the film, so the lens must be convex. 
(b) l H l = kog L = ase, tds sith f =+50.0.0 mm. For s =45 cm = 450 mm, s' = 56 mm. For 
s s f s sf s—f 


s=o0,s'= f=50mm. The range of distances between the lens and film is 50 mm to 56 mm. 


EVALUATE: The lens is closer to the film when photographing more distant objects. 
IDENTIFY: The projector lens can be modeled as a thin lens. 


SETUP: The thin-lens equation is 3 + a = , and the magnification of the lens is m = oS, 
s s s 
1 1 1 1 1 1 ‘ ; 
EXECUTE: (a) —+—=— -= H => f =147.5 mm, so use a f= 148 mm lens. 
s s! f f 0150m 9.00m 


(b) m=- =|m|=60= Area =1.44 mx2.16 m. 
S 


EVALUATE: The lens must produce a real image to be viewed on the screen. Since the magnification comes out 
negative, the slides to be viewed must be placed upside down in the tray. 

(a) IDENTIFY: The purpose of the corrective lens is to take an object 25 cm from the eye and form a virtual 
image at the eye’s near point. Use Eq.(34.16) to solve for the image distance when the object distance is 25 cm. 


1 . ; ; 
SETUP: — =+2.75 diopters means f = er m = +0.3636 m (converging lens) 


f =36.36 cm; s=25 cm; s'=? 
1 1 1 
EXECUTE: —+—=— so 
s s f 
s- sf _ (25 cm)(36.36 cm) _ 
s—f 25 cm-36.36 cm 


The eye’s near point is 80.0 cm from the eye. 
(b) IDENTIFY: The purpose of the corrective lens is to take an object at infinity and form a virtual image of it at 
the eye’s far point. Use Eq.(34.16) to solve for the image distance when the object is at infinity. 


80.0 cm 


; 1 LERS 
SET UP: = —1.30 diopters means f = ar m = —0.7692 m (diverging lens) 


f =-76.92 cm; s =%; s' =? 


EXECUTE: : L = L and s=% says A = J and s'= f =—76.9 cm. The eye’s far point is 76.9 cm from the eye. 


s s f sS f 
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34.46. 


34.47. 


34.48. 


34.49. 


34.50. 


34.51. 


EVALUATE: In each case a virtual image is formed by the lens. The eye views this virtual image instead of the 
object. The object is at a distance where the eye can’t focus on it, but the virtual image is at a distance where the 
eye can focus. 


Ipentipy:; “epla 
ss" R 
SETUP: n,=1.00, n,=1.40. s=40.0 cm, s'=2.60 cm. 
1 140 _ 0.40 


EXECUTE: and R=0.710cm. 


40.0cm 2.60 cm R 


EVALUATE: The cornea presents a convex surface to the object, so R>0. 
IDENTIFY: In each case the lens forms a virtual image at a distance where the eye can focus. Power in diopters 
equals 1/ f , where fis in meters. 


SET Up: In part (a), s =25 cm and in part (b), s > œ. 


EXECUTE: (a) 2 a! H Lod ! l => power -L-4233 diopters. 
f s s 0.25m —0.600m f 
(b) L zty : ae : => power skai diopters. 
f s s œ —0.600m f 


EVALUATE: A converging lens corrects the near vision and a diverging lens corrects the far vision. 
25.0 cm 


ene : 1 
IDENTIFY: When the object is at the focal point, M = . In part (b), apply l pi = F to calculate s for 
s s 


s' = -25.0 cm. 
SETUP: Our calculation assumes the near point is 25.0 cm from the eye. 
25.0cm _ 25.0 cm 


EXECUTE: (a) Angular magnification M = - =4.17. 
f 6.00 cm 
1 1 1.1 1 1 
(b) -+~ =- >-+ = => s = 4.84 cm. 
s s! f s -25.0cm 6.00cm 


25.0 25.0 ; À 
EVALUATE: In part (b), 6’ =2 , 9=——*— and M = Se cM =5.17. Mis greater when the image 
S 


25.0 cm sS 4.84 cm 
is at the near point than when the image is at infinity. 
IDENTIFY: Use Eqs.(34.16) and (34.17) to calculate s and y’. 
(a) SETUP: f =8.00 cm; s' = -25.0 cm; s =? 
1, T l ssf 
s S ff s f s' sf 
_ sf _ (-25.0 cm)(+8.00 cm) _ 
a f ~ -25.0cm-8.00cm 
s’ -25.0 cm _ 


(b) m= = = 44.125 
sS 6.06 cm 


EXECUTE: s +6.06 cm 


' 


SO 


|m| = y'|=|ml|y| =(4.125)(1.00 mm) = 4.12 mm 


Iv 

EVALUATE: The lens allows the object to be much closer to the eye than the near point. The lense allows the eye 

to view an image at the near point rather than the object. 

1 1 Uy y 
s 


: s 
IDENTIFY: For a thin lens, a2 , SO y 


s y 


, and the angular size of the image equals the angular size of the 


object. 


SETUP: The object has angular size 0 = z with @ in radians. 


= 80.0 mm = 8.00 cm. 


EXECUTE: 0= y f= y _ 2.00 mm 
Í 6 0.025 rad 


EVALUATE: Ifthe insect is at the near point of a normal eye, its angular size is oe = 0.0080 rad. 
mm 


IDENTIFY: The thin-lens equation applies to the magnifying lens. 


: Sf so dk 
SETUP: The thin-lens equation is -+ — = —. 


s s ff 
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34.52. 


34.53. 


34.54. 


EXECUTE: The image is behind the lens, so s’ <0. The thin-lens equation gives 
Lr T 1l 1 1 


=> s = 4.17 cm, on the same side of the lens as the ant. 


Sis F s 5.00 cm -25.0 cm 


EVALUATE: Since s'<0 , the image will be erect. 

IDENTIFY: Apply Eq.(34.24). 

SETUP: s; =160 mm +5.0 mm =165 mm 

(250 mm)s; _ (250 mm)(165 mm) _ 317 
Th (5.00 mm)(26.0 mm) 

0.10mm _ 0.10 mm 

317 

EVALUATE: The angular size of the image viewed by the eye when looking through the microscope is 317 times 

larger than if the object is viewed at the near-point of the unaided eye. 

(a) IDENTIFY and SET UP: 


EXECUTE: (a) M= 


=3.15 x10“ mm. 


(b) The minimum separation is 


f, = 0.800 cm f, = 1.80 cm 


1 
i 19.7 + 


objective eyepiece 


Figure 34.53 


Final image is at œ so the object for the eyepiece is at its focal point. But the object for the eyepiece is the image 
of the objective so the image formed by the objective is 19.7 cm — 1.80 cm = 17.9 cm to the right of the lens. 
Apply Eq.(34.16) to the image formation by the objective, solve for the object distance s. 

f =0.800 cm; s’=17.9 cm; s=? 


Edad 1 1 1 s'-f 
tS Ha S0 Se = z 

SS f s f s' Sf 

_ sf _ (17.9 cm)(+0.800 cm) _ 
s'—f 17.9 cm—0.800 cm 


(b) SETUP: Use Eq.(34.17). 


EXECUTE: m= On 21.4 
s 0.837 cm 


The linear magnification of the objective is 21.4. 
(c) SETUP: Use Eq.(34.23): M =m M, 

_ 25cm 25cm 
>? f,  1L80cm 
M =m M, =(-21.4)(13.9) = -297 
EVALUATE: Mis not accurately given by (25 cm)s;/ f fa =311, because the object is not quite at the focal point 
of the objective (s, =0.837 cm and f; = 0.800 cm). 


EXECUTE: s +8.37 mm 


EXECUTE: M =13.9 


IDENTIFY: Eq.(34.24) can be written M = |Im|M, = Si M,. 
1 


SETUP: s= f, +120 mm 
s 136mm _ 


EXECUTE: f =16mm:s'=120 mm +16 mm =136 mm; s =16 mm. \m,|=— = 8.5. 
s 


16 mm 
s’ 124mm 
f =4mm:s'=120 mm +4 mm =124 mm; s = 4 mm |m,| = =31. 
s 4mm 
. : s’ 122mm 
f =1.9 mm:s’=120 mm +1.9 mm =122 mm; s =1.9 mm |m,|=— = = 64. 
s 1.9mm 


The eyepiece magnifies by either 5 or 10, so: 
(a) The maximum magnification occurs for the 1.9-mm objective and 10x eyepiece: 
M =|m, |M, = (64)(10) = 640. 


(b) The minimum magnification occurs for the 16-mm objective and 5x eyepiece: 
M =|m |M, =(8.5)(5) = 43. 


EVALUATE: The smaller the focal length of the objective, the greater the overall magnification. 
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34.55. 


34.56. 


34.57. 


34.58. 


34.59. 


IDENTIFY: f-number = f/D 
SETUP: D=1.02m 
EXECUTE: £ =19.0 > f =(19.0)D = (19.0)(1.02 m) =19.4 m. 
EVALUATE: Camera lenses can also have an f-number of 19.0. For a camera lens, both the focal length and lens 
diameter are much smaller, but the f-number is a measure of their ratio. 
IDENTIFY: Fora telescope, M = -h ; 
2 


SETUP: f,=9.0 cm. The distance between the two lenses equals fi + f,. 


EXECUTE: f+ f, =1.80 m> f; =1.80m—0.0900 m=1.7im. M=-2=-171 __19 09, 


f, 9.00 


EVALUATE: Fora telescope, fi > f. 
(a) IDENTIFY and SET Up: Use Eq.(34.24), with f, =95.0 cm (objective) and f, =15.0 cm (eyepiece). 


EXECUTE: M = fi = one 6.33 
h 15.0 cm 
(b) IDENTIFY and SET UP: Use Eq.(34.17) to calculate y’. 
SETUP: s =3.00x10° m 
s'= f, =95.0 cm (since s is very large, s' = f ) 
Execute: Hs 520? = =-3.167 x10" 
s 3.00x10° m 
|y"| =|ml|y] = (3.167 x 10*)(60.0 m) = 0.0190 m =1.90 cm 


(c) IDENTIFY: Use Eq.(34.21) and the angular magnification M obtained in part (a) to calculate 6’. The angular 
size 0 of the image formed by the objective (object for the eyepiece) is its height divided by its distance from the 
objective. 


EXECUTE: The angular size of the object for the eyepiece is 0 = ana = 0.0200 rad. 
.950 m 
oe ; : soe 60.0 m : 
(Note that this is also the angular size of the object for the objective: 0 = SOOLO T = 0.0200 rad. For a thin lens 
.00x10° m 


the object and image have the same angular size and the image of the objective is the object for the eyepiece.) 


M=- 
0 

sign shows that the final image is inverted.) 

EVALUATE: The lateral magnification of the objective is small; the image it forms is much smaller than the 

object. But the total angular magnification is larger than 1.00; the angular size of the final image viewed by the eye 

is 6.33 times larger than the angular size of the original object, as viewed by the unaided eye. 

IDENTIFY: The angle subtended by Saturn with the naked eye is the same as the angle subtended by the image of 

Saturn formed by the objective lens (see Fig. 34.53 in the textbook). 


diameter of Saturn y’ 


(Eq.34.21) so the angular size of the image is 0’ = M6 = —(6.33)(0.0200 rad) = —0.127 rad (The minus 


SETUP: The angle subtended by Saturn is 6 = — -. 
distance to Saturn f, 


EXECUTE: Putting in the numbers gives 0 = 4 ope 3 ae 
jf, 18m 18m 


EVALUATE: The angle subtended by the final image, formed by the eyepiece, would be much larger than 0.0054°. 


=9.4x10°% rad = 0.0054° 


IDENTIFY: f =R/2and M = -o 


2 


SETUP: For object and image both at infinity, f; + f, equals the distance d between the two mirrors. 
fA =110cem. R =1.30m. 


EXECUTE: (a) f, =F =0.650m d = f, + f, =0.661 m. 


(b) EELE 
f, 0.011m 


EVALUATE: Fora telescope, fi > fy. 
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34.60. 


34.61. 


34.62. 


34.63. 


IDENTIFY: The primary mirror forms an image which then acts as the object for the secondary mirror. 
SETUP: The equation relating the object and image distances to the focal length of a spherical mirror is 
1 1 21 
s s fo 
EXECUTE: For the first image (formed by the primary mirror): 
1 1 1 1 1 1 


- = >s'=2.5m. 
s s$s f s 25m © 


For the second image (formed by the secondary mirror), the distance between the two vertices is x. Assuming that 
the image formed by the primary mirror is to the right of the secondary mirror, the object distance is s = x — 2.5 m 
and the image distance is s’ =x + 0.15 m. Therefore we have 


i Fp WE 1 1 1 


H -> H 
s s$ f x-25m x+0.15m -1.5m 

The positive root of the quadratic equation gives x = 1.7 m, which is the distance between the vertices. 
EVALUATE: Some light is blocked by the secondary mirror, but usually not enough to make much difference. 


i 


; ds ds 
IDENTIFY and SET UP: Fora plane mirror s'=—s. v = 5 and v' = F so v =-—v. 
t t 


EXECUTE: The velocities of the object and image relative to the mirror are equal in magnitude and opposite in 
direction. Thus both you and your image are receding from the mirror surface at 2.40 m/s, in opposite directions. 
Your image is therefore moving at 4.80 m/s relative to you. 

EVALUATE: The result derives from the fact that for a plane mirror the image is the same distance behind the 
mirror as the object is in front of the mirror. 

IDENTIFY: Apply the law of reflection. 

SETUP: The image of one mirror can serve as the object for the other mirror. 

EXECUTE: (a) There are three images formed, as shown in Figure 34.62a. 

(b) The paths of rays for each image are sketched in Figure 34.62b. 

EVALUATE: Our results agree with Figure 34.9 in the textbook. 


d 


d, observer 


(a) (b) 
Figure 34.62 


IDENTIFY: Apply the law of reflection for rays from the feet to the eyes and from the top of the head to the eyes. 
SETUP: In Figure 34.63, ray 1 travels from the feet of the woman to her eyes and ray 2 travels from the top of 
her head to her eyes. The total height of the woman is A. 

EXECUTE: The two angles labeled 0, are equal because of the law of reflection, as are the two angles labeled 


0,. Since these angles are equal, the two distances labeled y, are equal and the two distances labeled y, are equal. 
The height of the woman is A, =2y,+2y,. As the drawing shows, the height of the mirror is h, = y, + y, . 
Comparing, we find that 4, =h, /2 . The minimum height required is half the height of the woman. 
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34.65. 


EVALUATE: The height of the image is the same as the height of the woman, so the height of the image is twice 


the height of the mirror. 


Top of head » 
y2 
x = 4 
»2 
Eyes X 
Mirror im 
yı 
hy 
xX v 
yı 
l 
Feet Y 
Figure 34.63 
1) et.2.2 s' 
IDENTIFY: Apply —+—=—and m =-—. 
s s R s 


' 


SET Up: Since the image is projected onto the wall it is real and s'>0. m=—— som is negative and 
ge 1s proj F 2 


m = -2.25 . The object, mirror and wall are sketched in Figure 34.64. The sketch shows that s'— s = 400 cm. 


i 


EXECUTE: =m =~—2.25=—~ and s'=2.25s. s'—s =2.25s —s =400 cm and s=320cm. 
S 


s'=400 cm + 320 cm = 720 cm. The mirror should be 7.20 m from the wall. l t Lez | t l 2 


s sS R 320 cm | 720em R` 


R=4.43 m. 
EVALUATE: The focal length of the mirror is f =R/2=222 cm. s> f ,as it must if the image is to be real. 


Wall 


Figure 34.64 


IDENTIFY: Weare given the image distance, the image height, and the object height. Use Eq.(34.7) to calculate 


the object distance s. Then use Eq.(34.4) to calculate R. 
(a) SET UP: Image is to be formed on screen so is real image; s’ >0. Mirror to screen distance is 8.00 m, so 


d 
s ; si 
s'=+800 cm. m=—-— <0 since both s and s' are positive. 
s 
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EXECUTE: |m| as ae ONE = 60.0 and m=-60.0. Then m=—~ gives s= oo +13.3 cm. 
|y] 0.600 cm s m —60.0 
EAL- 2 sts’ 


—= o 
s s$ R R ss 
R=2{ SS J cm)(800 m) 262 ai 


s+s' 800 cm +13.3 cm 


EVALUATE: R is calculated to be positive, which is correct for a concave mirror. Also, in part (a) s is calculated 
to be positive, as it should be for a real object. 


IDENTIFY: Apply £ ph = > to calculate s' and then use m =—* =~ to find the height of the image. 
sS So S y 
SETUP: For a convex mirror, R <0, so R=-18.0 cm and f = Z = —9.00 cm. 
Ricimer y a OD) Sead ee pe ee eae 
s s f s— f 1300 cm -(-9.00 cm) s 1300 cm 


|y'| =|m|y =(6.88x10°)(1.5 m) = 0.0103 m =1.03 cm. 


(b) The height of the image is much less than the height of the car, so the car appears to be farther away than its 
actual distance. 
EVALUATE: The image formed by a convex mirror is always virtual and smaller than the object. 


IDENTIFY: Apply ; H : a2 and m=—~. 
s gs R sS 
SETUP: R=+19.4 cm. 
-2 1 1 2 j ; ont 
EXECUTE: (a) -+—=—> H—= => s' = —46 cm, so the image is virtual. 
s s$ R 80cm s 19.4cm 
s' —46 


(b) m=-—= Ro 5.8, so the image is erect, and its height is y’ = (5.8)y = (5.8)(5.0 mm) = 29 mm. 
s . 


EVALUATE: (c) When the filament is 8 cm from the mirror, the image is virtual and cannot be projected onto a wall. 


IDENTIFY: Combine l t baz and m= : ; 
s sS R sS 
SETUP: m=+2.50. R>O. 
EXECUTE: =m =—2-=42.50. s'=-2.50s. i ae 2r CS and s =0.300R. 
Ss s —2.50s R s R 


s’=-2.50s = (—2.50)(0.300R) = —0.750R . The object is a distance of 0.300R in front of the mirror and the image 
is a distance of 0.750R behind the mirror. 
EVALUATE: Fora single mirror an erect image is always virtual. 
IDENTIFY and SETUP: Apply Eqs.(34.6) and (34.7). For a virtual object s <0. The image is real if s’>0. 
EXECUTE: (a) Convex implies R <0; R = -24.0 cm; f = R/2 = -12.0 cm 
1 1 1 1 1 1 s-f 
ss apes s f s sf 
s= sf 2 (—12.0 cm)s 
s—f  s+12.0cm 


ore (12.0 cm)|s| 
"12.0 cm—|s| 


this means —12.0 cm < s <0. A real image is formed if the virtual object is closer to the mirror than the focus. 


' 


s is negative, so write as s = 


S|; S 


a 


Thus s’>0 (real image) for |s| <12.0 cm. Since s is negative 


(b) m= ae real image implies s’ > 0; virtual object implies s <0. Thus m >0 and the image is erect. 
s 
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(c) The principal-ray diagram is given in Figure 34.69. 


2 
real virtual 4 
image object \ 


Figure 34.69 

EVALUATE: Fora real object, only virtual images are formed by a convex mirror. The virtual object considered 
in this problem must have been produced by some other optical element, by another lens or mirror in addition to 
the convex one we considered. 
IDENTIFY: Apply laş Ae = ee , with R— œ since the surfaces are flat. 

s s 
SETUP: The image formed by the first interface serves as the object for the second interface. 
EXECUTE: For the water-benzene interface to get the apparent water depth: 


n, n, 1.33 1.50 _ 


+ =0> } 0=>s' = -7.33 cm. 
so s 6.50cm s 


For the benzene-air interface, to get the total apparent distance to the bottom: 


mo 4 Mb ==> zee p41 <0 s'=-6.62 em. 

so os (7.33cm+2.60cm) s 
EVALUATE: At the water-benzene interface the light refracts into material of greater refractive index and the 
overall effect is that the apparent depth is greater than the actual depth. 


IDENTIFY: The focal length is given by 2 =(n Hf ee | 
f R, R, 


SETUP: R =+4.0 cmor +8.0cm. R, =+8.0 cmor +4.0 cm. The signs are determined by the location of the 
center of curvature for each surface. 

1 1 
+4.00cm +8.00 cm 


EXECUTE: = 060 ,so f =+4.44cm,+13.3cm. The possible lens shapes are 


sketched in Figure 34.71. 
f =4+13.3 cm; f, =+4.44 cm; f, = 4.44 cm; f, =-13.3 cm; f, =-13.3 cm; fo = +13.3 cm; 
f, =—4.44 cm; f =—4.44 cm. 


EVALUATE: fis the same whether the light travels through the lens from right to left or left to right, so for the 
pairs (1,6), (4,5) and (7,8) the focal lengths are the same. 


(ID | 


2 : 5 6 7 8 
Figure 34.71 


IDENTIFY: Apply L aa = 7 and the concept of principal rays. 
s s 


SETUP: s=10.0 cm. If extended backwards the ray comes from a point on the optic axis 18.0 cm from the lens 
and the ray is parallel to the optic axis after it passes through the lens. 

EXECUTE: (a) The ray is bent toward the optic axis by the lens so the lens is converging. 

(b) The ray is parallel to the optic axis after it passes through the lens so it comes from the focal point; 

f =18.0 cm. 
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(c) The principal ray diagram is drawn in Figure 34.72. The diagram shows that the image is 22.5 cm to the left of 
the lens. 

EST : ; 
Tober sf _ (10.0 cm)(18.0 cm) _ 
s f s—f 10.0 cm-18.0 cm 
principal ray diagram. 

EVALUATE: The image is virtual. A converging lens produces a virtual image when the object is inside the focal point. 


(d) z + 22.5 cm . The calculated image position agrees with the 
s 


Figure 34.72 


IDENTIFY: Since the truck is moving toward the mirror, its image will also be moving toward the mirror. 
SETUP: The equation relating the object and image distances to the focal length of a spherical mirror is 
1 1 1 

—+—=—, where f = R/2. 

s s f 


EXECUTE: Since the mirror is convex, f= R/2 = (—1.50 m)/2 = -0.75 m. Applying the equation for a spherical 


; ! l ae 
mirror gives —+— = 


y= ‘ 
s s f s—f 


ds’ _ds' ds _ F 
dt dsd (s-fy 


Using the chain rule from calculus and the fact that v = ds/dt, we have v' = 


2.0 m —(—0.75 m) 
—0.75 m 
This is the velocity of the truck relative to the mirror, so the truck is approaching the mirror at 20.2 m/s. You are 

traveling at 25 m/s, so the truck must be traveling at 25 m/s + 20.2 m/s = 45 m/s relative to the highway. 


EVALUATE: Even though the truck and car are moving at constant speed, the image of the truck is not moving at 
constant speed because its location depends on the distance from the mirror to the truck. 


2 2 
Solving for v gives v= (4) = (sm/s) | =20.2m/s. 


IDENTIFY: In this context, the microscope just looks at an image or object. Apply — + na = 0 to the image 
s s 


formed by refraction at the top surface of the second plate. In this calculation the object is the bottom surface of the 
second plate. 

SETUP: The thickness of the second plate is 2.50 mm + 0.78 mm, and this is s. The image is 2.50 mm below 
the top surface, so s' = -2.50 mm. 


2.50 mm +0. 
EXECUTE: “+2 -90>5"4 l EE = 2 +0780 mi iay 
so os ss’ s' —2.50 mm 


EVALUATE: The object and image distances are measured from the front surface of the second plate, and the 


image is virtual. 
iJ 


IDENTIFY and SET UP: In part (a) use L pė = to evaluate ds'/ds. Compare to m= -2 In part (b) use 
s s s 


1 il = 4 to find the location of the image of each face of the cube. 

s s 

EXECUTE: (a) Les = £ and taking its derivative with respect to s we have 0 = Ajil } : l = : cal 
s s' f dss $ f ss” ds 


ds' s? ds' 
=-— = -m° . But 
ds sS ds 


(b) (i) Front face: : H l = - > l l = 
s s’ R  200.000cm s’ 150.000 cm 


and =m',so m'=-m°. Images are always inverted longitudinally. 


=> s' =120.00 cm. 
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Rear face: l } l = 2 => l H l = => s'=119.96 cm. 
s s' R  200.100cm s’ 150.000 cm 
s’ 120.000 _ 


(ii) m=-—= 0.600. m' =-m? = —~(—0.600)’ = 0.360. 


s 200.000 
(iii) The two faces perpendicular to the axis (the front and rear faces): squares with side length 0.600 mm. The 
four faces parallel to the axis (the side faces): rectangles with sides of length 0.360 mm parallel to the axis and 
0.600 mm perpendicular to the axis. 
EVALUATE: Since the lateral and longitudinal magnifications have different values the image of the cube is not a cube. 


1 
ns 
IDENTIFY: m'=ds'/dsand m =-— 
n,S 
nn no-n 
SETUP: Use —++— =~ to evaluate ds'/ds. 
sS sS R 
n n no-n E ta d 
EXECUTE: —£+—%= a and taking its derivative with respect to s we have 
s s 
0= d(n, n, m-—n,\ n, n, as' d ds’ _ s° n, = s° n\n, - ai 
= r Gat ~ 2 2 an ~ 2 a aw) = alt a 
ds\s s R ss ds ds s“ n, son, jn, n, 
ds' n 
But =m',so m =-m +. 
ds n 


EVALUATE: m'is always negative. This means that images are always inverted longitudinally. 


1 


IDENTIFY and SET UP: Rays that pass through the hole are undeflected. All other rays are blocked. m = ee, 

s 
EXECUTE: (a) The ray diagram is drawn in Figure 34.77. The ray shown is the only ray from the top of the object 
that reaches the film, so this ray passes through the top of the image. An inverted image is formed on the far side 
of the box, no matter how far this side is from the pinhole and no matter how far the object is from the pinhole. 


bys E 2900 ome gh as 4) Spy SO e-em tS 
Ss 150 cm á Á 


2.4 cm tall. 
EVALUATE: A defect of this camera is that not much light energy passes through the small hole each second, so 
long exposure times are required. 


Object Image 


Figure 34.77 
n My m-n, ns! . AS 
IDENTIFY: Apply —+—~- = RA and m =——*~to each refraction. The overall magnification is m = mm, . 
sS s ns 


b' 


SET Up: For the first refraction, R=+6.0 cm, n, =1.00 and n, =1.60. For the second refraction, R =—12.0 cm, 
n, =1.60 and n, =1.00. 
EXECUTE: (a) The image from the left end acts as the object for the right end of the rod. 


(b) Ny My _ MM 1 1.60 0.60 S! =28.3 cm. 
ss R 23.0cm ss’ 60cm 
? ; i ns’ 28.3 
So the second object distance is s, = 40.0 cm—28.3cm=11.7 cm. m, =-—*-= =-0.769. 


n,S (1.60)(23.0) 


(c) The object is real and inverted. 
(@) n, My mh 1.60 1 = —0.60 Seet: 
Sy s; R 11.7cm s, -12.0cm 
ns’ (1.60)(—11.5) 
NyS 11.7 
(e) The final image is virtual, and inverted. 


1.57 = m = mm, =(-0.769)(1.57) =-1.21. 
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(f) y’ = (1.50 mm)(—1.21) =-1.82 mm. 

EVALUATE: The first image is to the left of the second surface, so it serves as a real object for the second surface, 
with positive object distance. 

IDENTIFY: Apply Eqs.(34.11) and (34.12) to the refraction as the light enters the rod and as it leaves the rod. The 
image formed by the first surface serves as the object for the second surface. The total magnification is 

Mo =mm,, Where m and m, are the magnifications for each surface. 

SETUP: The object and rod are shown in Figure 34.79. 


refractive R, = +6.00cm R, = —12.0 cm 
index 1.00 SRR 
1.50 mmf refractive index 1.60 
refractive 
—— 23.0 cm—————> : 
index 1.00 
—— 25.0 cmm 
Figure 34.79 


(a) image formed by refraction at first surface (left end of rod): 
s = +23.0 cm; n, =1.00; n, =1.60; R = +6.00 cm 


1 1.60 _ 1.60-1.00 
23.0cm s 6.00 cm 
160. 1 fh 023-10 83 
s! 10.0cm 23.0cm 230cm 230cm 


s= 1602 cm 
13 


) = +28.3 cm; image is 28.3 cm to right of first vertex. 


This image serves as the object for the refraction at the second surface (right-hand end of rod). It is 
28.3 cm — 25.0 cm =3.3 cm to the right of the second vertex. For the second surface s =—3.3 cm (virtual object). 
(b) EVALUATE: Object is on side of outgoing light, so is a virtual object. 
(c) SET Up: Image formed by refraction at second surface (right end of rod): 
s=—3.3 cm; n, =1.60; n, =1.00; R=—12.0 cm 
n m_m 
so os R 

1.60 1.00 _ 1.00-1.60 
-33cm s’ -12.0 cm 
s’=+1.9 cm; s'>0 so image is 1.9 cm to right of vertex at right-hand end of rod. 


EXECUTE: 


(d) s’>0 so final image is real. 
Magnification for first surface: 
ns’ (1.60)(+28.3 cm) _ 


0.769 
n,S (1.00)(+23.0 cm) 
Magnification for second surface: 
ns’ (1.60)(+1.9 cm) _ 0.92 


ns (1.00)(—3.3 cm) 


The overall magnification is m,,, =m,m, = (—0.769)(+0.92) =—0.71 m,,, <0 so final image is inverted with respect 


to the original object. 

(e) y' =m,,y =(—0.7 (1.50 mm) = -1.06 mm 

The final image has a height of 1.06 mm. 

EVALUATE: The two refracting surfaces are not close together and Eq.(34.18) does not apply. 


| ee a i : ; P ; ; 
IDENTIFY: Apply —+—= F and m=2-=—*. The type of lens determines the sign of f The sign of 
s s s 


y 
s’ determines whether the image is real or virtual. 
SETUP: s=+8.00cm. s’=-3.00 cm. s' is negative because the image is on the same side of the lens as the 
object. 
l sts snags ss” _ (8.00 cm)(—3.00 cm) _ 


ss’ sts’ 8.00 cm—3.00 cm 


EXECUTE: (a) 


4.80 cm. f is negative so the lens is 


diverging. 
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(b) m= oe = T 40375. y' = my =(0.375)(6.50 mm) =2.44 mm. s'<0 and the image is virtual. 
s .00 cm 
EVALUATE: A converging lens can also form a virtual image, if the object distance is less than the focal length. 


But in that case |s"| > s and the image would be farther from the lens than the object is. 


1 1 : : : i i ; 
IDENTIFY: —+—= F . The type of lens determines the sign of f. m= 2 =) The sign of s’ depends on 
s s s 
whether the image is real or virtual. s =16.0 cm. 


SETUP: s'=-—22.0 cm; s’ is negative because the image is on the same side of the lens as the object. 


EXECUTE: (a) L =e and f= ieee eae +58.7 cm . fis positive so the lens is converging. 
ss’ s+s' 16.0 cm—22.0 cm 
(b) m= Dz K em L138. y' = my =(1.38)(3.25 mm) = 4.48 mm. s' <0 and the image is virtual. 
s .0 cm 


EVALUATE: A converging lens forms a virtual image when the object is closer to the lens than the focal point. 


n, 


n n -n : : : ; 
IDENTIFY: Apply —+— = ee . Use the image distance when viewed from the flat end to determine the 
sS s 


refractive index n of the rod. 
SeT UP: When viewing from the flat end, n, =n , n, =1.00 and R —>œ. When viewing from the curved end, 


n, =n, n, =1.00and R=-10.0 cm. 


EXECUTE: Ma 4M o > ” H l =0>n= 130) 1.58. When viewed from the curved end of the 
ss’ 15.0cm -9.50 cm 9.50 
— — : —0.58 . : 
rod p eS Mt Loe 108 Ls 0.3 „and s'=-21.1cm. The image is 21.1 cm 
ss R s s$s R 15.0cm s’ —10.0 cm 


within the rod from the curved end. 
EVALUATE: In each case the image is virtual and on the same side of the surface as the object. 
(a) IDENTIFY: Apply Snell’s law to the refraction of a ray at each side of the beam to find where these rays strike 
the table. 
SETUP: The path of a ray is sketched in Figure 34.83. 
I 


Figure 34.83 


The width of the incident beam is exaggerated in the sketch, to make it easier to draw. Since the diameter of the 
beam is much less than the radius of the hemisphere, angles 0, and 6, are small. The diameter of the circle of 
light formed on the table is 2x. Note the two right triangles containing the angles 0, and 6,. 

r =0.190 cm is the radius of the incident beam. 

R=12.0 cm is the radius of the glass hemisphere. 


~ 


by | 
>| 


EXECUTE: 0, and 0, small imply xx’; sind, => sin 6, = 

Snell’s law: n,sin@, =n, sin 8, 

Using the above expressions for sin@, and sin, gives n, 7 = mo 
nr _ 1.00(0.190 cm) 
n, 1.50 

The diameter of the circle on the table is 2x = 2(0.1267 cm) = 0.253 cm. 


(b) EVALUATE: R divides out of the expression; the result for the diameter of the spot is independent of the radius R 
of the hemisphere. It depends only on the diameter of the incident beam and the index of refraction of the glass. 


= 0.1267 cm 


nr =Nn,X SO X= 
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IDENTIFY and SET UP: Treating each of the goblet surfaces as spherical surfaces, we have to pass, from left to 


right, through four interfaces. Apply laş a = a to each surface. The image formed by one surface serves as 
s s 

the object for the next surface. 

EXECUTE: (a) For the empty goblet: 

IL 1 _ 150 _ 0.50 enh ETE 


~ 4.00 cm 
150 1 0.50 


A 


-11.4cm s} 3.40 cm 


1 1.50 0.50 i 
H = => s; =—9.31 cm. 
71.4cm s} -3.40 cm 


1.50 1 —0.50 : 


s, =9.31 cm + 0.60 cm = 9.91 cm > t—= >s, 
9.91cm s} —4.00 cm 


4 
37.9 cm — 2(4.0 cm) = 29.9 cm to the left of the goblet. 

(b) For the wine-filled goblet: 

Fo Mo Me Ma ! wt = Os) =12 om. 

150 1.37 -0.13 
-11.4cm s, 3.40 cm 
1.37 1.50 0.13 
-7.9 cm s}  —3.40cm 
1.50 1 —0.50 


-10.5cm — s), ~ —4.00 cm 


ss R o si 


s, =0.60 cm -12 cm = -11.4 cm > => s, = —64.6 cm. 


s, = 64.6 cm + 6.80 cm = 71.4 cm > 


=-—37.9 cm. The final image is 


so os R o s 


s, =0.60 cm -12 cm = -11.4 cm > > s, =14.7 cm. 


s, = 6.80 cm — 14.7 cm = -7.9 cm => 


=>s,=11.1cm. 


s, =0.60 cm -11.1 cm = -10.5 cm => 


=> s, =3.73 cm . The final image is 3.73 cm to the 


right of the goblet. 
EVALUATE: Ifthe object for a surface is on the outgoing side of the light, then the object is virtual and the object 
distance is negative. 


$ ‘ : n n n,— 
IDENTIFY: The image formed by refraction at the surface of the eye is located by — + — = F 
S S 


SETUP: n,=1.00, n,=1.35. R>0. For a distant object, s ~oo and Lu, 
s 


1.35 _ 1.35-1.00 


EXECUTE: (a) s+ and s'=2.5 cm: and R = 0.648 cm = 6.48 mm. 


2.5 cm R 
1.00 1.35 1.35-1.0 1.35 
(b) R=0.648 cmand s =25 cm: H = 0 s =0.500 and s' = 2.70 cm =27.0 mm. The 
25cm s 0.648 s' 


image is formed behind the retina. 
1.35 _1.35—1.00 
s' 0.50 cm 


(c) Calculate s' for s ~œ and R=0.50 cm: . s'=1.93 cm =19.3 mm. The image is formed in 


front of the retina. 
EVALUATE: The cornea alone cannot achieve focus of both close and distant objects. 


d 
n n, no-n nS ste te 
IDENTIFY: Apply —+— = R “ and m=-——*—to each surface. The overall magnification is m = m,m, . The 
s s ns 


image formed by the first surface is the object for the second surface. 

SETUP: For the first surface, n, =1.00, n, =1.60 and R=+15.0 cm. For the second surface, n, =1.60, 

n, =1.00 and R => œ. 

- 1 1.6 6 ; ‘ 

EXECUTE: (a) Poy Mb = Me Me as => s' =-36.9 cm. The object distance for the far end 

ss R 12.0cm s’ 15.0cm 

of the rod is 50.0 cm — (—36.9 cm) = 86.9 cm. The final image is 4.3 cm to the left of the vertex of the 

hemispherical surface. Pa 4 Me = MMe Ee : 
ss R 86.9cm s 

(b) The magnification is the product of the two magnifications: 


nS E —36.9 =1.92, m, 1.00 m mm, 1.92. 
ns (1.60)(12.0) 


EVALUATE: The final image is virtual, erect and larger than the object. 


=0 > s' =-—54.3 cm. 
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34.87. IDENTIFY: Apply Eq.(34.11) to the image formed by refraction at the front surface of the sphere. 
SET Up: Let n, be the index of refraction of the glass. The image formation is shown in Figure 34.87. 


n=10 S= 00 
aN s'=+2r, where r is the 

> == radius of the sphere 
ea n, =1.00, n, =n,, R=+r 


Figure 34.87 
n, Ny C n, n, 
s s R 
l1 n n, -1.00 
EXECUTE: —+—=— 
o 2r r 


egt i irae and n, = 2.00 
2r r vr 2r r 2 


EVALUATE: The required refractive index of the glass does not depend on the radius of the sphere. 


34.88. IDENTIFY: Apply Pay "e = s to each surface. The image of the first surface is the object for the second 
s s 


surface. The relation between s; and s, involves the length d of the rod. 
SETUP: For the first surface, n, =1.00, n, =1.55 and R=+6.00 cm. For the second surface, n, =1.55, 
n, =1.00 and R=-6.00 cm. 


EXECUTE: We have images formed from both ends. From the first surface: 


n, ' nm, n,—N, 1 1.55 -055 > s' =30.0 cm. 
ss R 25.0cm s' 6.00cm 


oe 5 - l. 1 : 
This image becomes the object for the second end: Pa | Mo M "a oe gee) 
s 


s' R d-30.0cm 65.0cm  —6.00cm` 


d —30.0 cm = 20.3 cm > d = 50.3 cm. 


EVALUATE: The final image is real. The first image is 20.3 cm to the right of the second surface and serves as a 
real object. 
34.89. IDENTIFY: The first lens forms an image which then acts as the object for the second lens. 
; > we Ae ol spel tthe : 
SETUP: The thin-lens equation is —+— = F and the magnification is m = ae, 
s s s 


EXECUTE: (a) For the first lens: l H ies l > ! H i : => s' = -3.75 cm, to the left of the lens 
s s' f 500cm s’ -15.0cm 


(virtual image). 

(b) For the second lens, s = 12.0 cm + 3.75 cm = 15.75 cm. 

Be OR sd 1 1 1 
2A paa 

s s f 15.75em s’ 15.0cm 

(c) The final image is real. 


(d) m=—~, m, =0.750, m, = -20.0, m 
S 


=> s' =315 cm, or 332 cm from the object. 


-15.0= y' = —6.00 cm, inverted. 


total 


EVALUATE: Note that the total magnification is the product of the individual magnifications. 


34.90. IDENTIFY and SETUP: Use 7 =(n JF : ) to calculate the focal length of the lenses. The image formed 
1 


sf 
sof 


: , 1 1.1... 
by the first lens serves at the object for the second lens. m, =mm,. —+— =— gives s'= 
s s 


1 1 
12.0cm 28.0 cm 
1 Sf, _ (45.0 cm)(35.0 cm) _ 

s-f, 45.0 cm—35.0 cm 


EXECUTE: (a) ; = (0.6) Jana f =+35.0 cm. 


Lens 1: fi =+35.0 cm. s; =+45.0 cm. s +158 cm. 


E si 158cm _ 35] 
i Si 45.0 cm Ta 


to the right of lens 1 and is 17.6 mm tall. 


y= |m |y = (3.51)(5.00 mm) =17.6 mm. The image of the first lens is 158 cm 
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34.91. 


34.92. 


34.93. 


(b) The image of lens 1 is 315 cm—158 cm =157 cm to the left of lens 2. f, =+35.0 cm. s,=+157 cm. 


r sfa _ (157 cm)(35.0 cm) 450cm. m =- s 45.0cm 
+45.0 cm. m, 


S, — fa 157 cm -35.0 cm S, 157 cm 
M = mm, =(—3.51)(—0.287) = +1.00. The final image is 45.0 cm to the right of lens 2. The final image is 5.00 


0.287. 


Sy 


mm tall. m >0.So the final image is erect. 


EVALUATE: The final image is real. It is erect because each lens produces an inversion of the image, and two 
inversions return the image to the orientation of the object. 
IDENTIFY and SET Up: Apply Eq.(34.16) for each lens position. The lens to screen distance in each case is the 
image distance. There are two unknowns, the original object distance x and the focal length f of the lens. But each 
lens position gives an equation, so there are two equations for these two unknowns. The object, lens and screen 
before and after the lens is moved are shown in Figure 34.91. 

<tr m— i oa _— 

screen ' 

t (image) s =x; s'=30.0 cm 


object 1 1 _ 1 


lens 


' 4.00 cm 22.0cm <—> 
[= 7 4.00 cm 1 l = 


1 
Pra : x 30.0cm f 


Figure 34.91 
s=x+4.00 cm; s’=22.0 cm 
Ty be. Tan 1 1 1 
-=— gives =— 
s s f x+4.00cm 22.0cm f 
EXECUTE: Equate these two expressions for 1/f: 
1 — 1 1 
x 30.0cm x+4.00cm 22.0 cm 
1 1 ata ih 1 
x x+400cm 22.0cm 30.0cm 
x+4,00 cm—x _ 30.0 -22.0 and 400cm _— 8 


x(x +4.00 cm) 660 cm x(x +4.00 cm) 660 cm 
x? + (4.00 cm)x -330 cm? =0 and x= joo + 16.0 + 4(330)) cm 


x must be positive so x = $(-4.00 +36.55) cm =16.28 cm 


Then : : = 2 and L = l H : 

x 30.0cm f f 16.28cm 30.0cm 

f =+10.55 cm, which rounds to 10.6 cm. f > 0; the lens is converging. 

EVALUATE: We can check that s =16.28 cm and f =10.55 cm gives s’=30.0 cm and that 


s =(16.28 + 4.0) cm = 20.28 cm and f =10.55 cm gives s’ = 22.0 cm. 


n,—n 
R 


a 


IDENTIFY and SET UP: Apply lay Ma = 
S S 


EXECUTE: (a) e+% -5h Ma p Mo Mh nd 2 
ss R f œ R o f R 

Pa =" and "a =i a Therefore, la = 7 and n,/n, WA 

Í R f R f 

(by lepte Mah m OS /FY f LLOH E-S 

so os R sfo s so os R R 

EVALUATE: Fora thin lens the first and second focal lengths are equal. 

(a) IDENTIFY: Use Eq.(34.6) to locate the image formed by each mirror. The image formed by the first mirror 

serves as the object for the 2nd mirror. 


. Therefore, 
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SETUP: The positions of the object and the two mirrors are shown in Figure 34.93a. 


L-x x |R| = 0.360 m 
|f|=|R|/2=0.180 m 


L = 0.600 m 
Figure 34.93a 
EXECUTE: Image formed by convex mirror (mirror #1): 
convex means f; =—0.180 m; s,=L—x 
ac Sf, _ (L—x)(-0.180 m) | (0.180 mos m=) ay 
s-f, L-x+0.180m 0.780 m—x 


0.600 m—x 
0.780 m—x 
0.600 m =>) _ 0.576 m? —(0.780 m)x 


The image is (0.180 m| ) to the left of mirror #1 so is 


to the left of mirror #2. 
0.780 m -x 0.780 m -x 


Image formed by concave mirror (mirror #2); 
concave implies f, =+0.180 m 


„0576 m°? — (0.780 m)x 
2 0.780 m—x 


0.600 m + (0.180 m( 


1 
ees. . E s 
Rays return to the source implies s, =x. Using these expressions in s, = — zh 

So — Jo 


gives 


0.576 m° —(0.780 m)x _ (0.180 m)x 
0.780 m—x x—0.180 m 
0.600x* — (0.576 m)x + 0.10368 m° =0 


x= (0.576 + /(0.576)° — 4(0.600)(0.10368) ) m = (0.576 +0.288) m 


x =0.72 m (impossible; can’t have x > L=0.600 m) or x =0.24 m. 


(b) SET Up: Which mirror is #1 and which is #2 is now reversed form part (a). This is shown in Figure 34.93b. 


2 1 


L = 0.600 m 
Figure 34.93b 
EXECUTE: Image formed by concave mirror (mirror #1): 
concave means f, =+0.180 m; s, =x 


ie sf, _ (0.180 m)x 
Sg af x-0.180m 
(0.180 m)x 


(0.180 m)x _ (0.420 m)x— 0.180 m? 


The image is to the left of mirror #1, so s, = 0.600 m 


x—0.180 m x—0.180 m x—0.180 m 
Image formed by convex mirror (mirror #2): 


convex means f, =—0.180 m 


rays return to the source means s, = L -— x = 0.600 m -x 


L 
Sl af 
x—0.180 m R 1 = 1 
(0.420 m)x -0.180 m? 0.600 m—x 0.180 m 
x—0.180 m T 0.780 m- x 
(0.420 m)x —0.180 m? Laas m° — (0.180 =] 


0.600x° — (0.576 m)x +0.1036 m° =0 
This is the same quadratic equation as obtained in part (a), so again x =0.24 m. 
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34.94. 


34.95. 


EVALUATE: For x=0.24 m the image is at the location of the source, both for rays that initially travel from the 
source toward the left and for rays that travel from the source toward the right. 


IDENTIFY: ie = gives s'= f 


, for both the mirror and the lens. 

s s s— 
SETUP: For the second image, the image formed by the mirror serves as the object for the lens. For the mirror, 
fa =+10.0 cm. For the lens, f =32.0 cm. The center of curvature of the mirror is R = 2f,, = 20.0 cmto the right 


of the mirror vertex. 

EXECUTE: (a) The principal-ray diagrams from the two images are sketched in Figures 34.94a-b. In Figure 

34.94b, only the image formed by the mirror is shown. This image is at the location of the candle so the principal 

ray diagram that shows the image formation when the image of the mirror serves as the object for the lens is 

analogous to that in Figure 34.94a and is not drawn. 

(b) Image formed by the light that passes directly through the lens: The candle is 85.0 cm to the left of the lens. 

, sf (85.0 cm)(32.0 cm) s! 51.3.cm 

s'= = =+51.3 cm. m= = = 
s—f 85.0 cm -32.0 cm s 85.0 cm 

the lens. s'>0 so the image is real. m <0 so the image is inverted. Image formed by the light that first reflects off 

the mirror: First consider the image formed by the mirror. The candle is 20.0 cm to the right of the mirror, so 

,_ Sf _ (20.0 cm)(10.0 cm) s 20.0 cm _ 


= =20.0 cm. m = S = —1.00. The image formed by 
s—f 20.0 cm-10.0 cm S, 20.0 cm 


the mirror is at the location of the candle, so s, =+85.0 cmand s,' =51.3 cm. m, =—0.604. m,,, =mm, = 


0.604. This image is 51.3 cm to the right of 


s=+4+20.0 cm. s 


(—1.00)(—0.604) = 0.604 . The second image is 51.3 cm to the right of the lens. s,' > 0, so the final image is real. 
Mo, > 9, so the final image is erect. 
EVALUATE: The two images are at the same place. They are the same size. One is erect and one is inverted. 


Image 


| 


Object 


(a) 
I 
Object 
2 

C 
Image 

(b) 

Figure 34.94 


n n n, —n 
IDENTIFY: Apply —+— = EH to each case. 
ss 


SETUP: s=20.00cm. R>0O. Use s'=+9.12 cm to find R. For this calculation, n, =1.00and n, =1.55. Then 
repeat the calculation with n, =1.33. 


nN, My, _ n,n, .. 1.00 1.55 1.55 —1.00 
EXECUTE: += gives + = 


} s . R=2.50 cm. 
sS sS R 20.0cm 9.12 cm R 
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34.97. 


1.33 , 155 _ 155-133 
20.0cm s 2.50 cm 
EVALUATE: With the rod in air the image is real and with the rod in water the image is virtual. 


IDENTIFY: Apply L ie =; to each lens. The image formed by the first lens serves as the object for the second 
s s 


Then gives s'=-72.1 cm. The image is 72.1 cm to the left of the surface vertex. 


lens. The focal length of the lens combination is defined by 1 + Li = 1 . In part (b) use L =(n of LA Je 
5 8, f S R R, 


calculate f for the meniscus lens and for the CC1,, treated as a thin lens. 


SETUP: With two lenses of different focal length in contact, the image distance from the first lens becomes 
exactly minus the object distance for the second lens. 


i oe ie E Leta tet (Ltd 


1 
+ -=— and —+—=—4 + — =—. But overall for the lens 
ss fs f S, S2 S S h So 2 


bidet pd | ee ee | 
system, } =— =—+—. 
Ss sa f f hh 
(b) With carbon tetrachloride sitting in a meniscus lens, we have two lenses in contact. All we need in order to 
calculate the system’s focal length is calculate the individual focal lengths, and then use the formula from part (a). 


EXECUTE: (a) 


1 1 : 
For the meniscus lens l =(n,-n,) SAAE (0.55) =0.061 cm™ and f, =16.4 cm. 
Ía R R, 4.50cm 9.00 cm 

1 1 1 1 1 4 

For the CCl, :—=(n, -n,) = (0.46) =0.051cm™ and f, =19.6 cm. 
fa R R 9.00cm œ 

19.2518 | 4 j 
—=—+— =0.112 cm™ and f =8.93 cm. 
S fh fa 
EVALUATE: f= Ah , so f for the combination is less than either f; or f,. 


1 2 
IDENTIFY: Apply Eq.(34.11) with R — œ to the refraction at each surface. For refraction at the first surface the 
point P serves as a virtual object. The image formed by the first refraction serves as the object for the second 
refraction. 
SETUP: The glass plate and the two points are shown in Figure 37.97. 


PELEA plane faces means R —> œ and 
n n 
=e a4 ae — 0 
a P P' Ss Ss 
1.60 ee 
a n, 
F s'=-s 
0.30 cm n 


<— 14.4 cm—> 


Figure 34.97 


EXECUTE: refraction at the first (left-hand) surface of the piece of glass: 
The rays converging toward point P constitute a virtual object for this surface, so 


s =—14.4 cm. 
n, =1.00, n, =1.60. 
; 1.60 


s' =—-—— (-14.4 cm) = +23.0 cm 
1.00 


This image is 23.0 cm to the right of the first surface so is a distance 23.0 cm—tż to the right of the second surface. 
This image serves as a virtual object for the second surface. 
refraction at the second (right-hand) surface of the piece of glass: 


The image is at P’ so s’=14.4 cm +0.30 cm -t =14.7 cm-t. s =-(23.0 cm-t); n, =1.60; n, =1.00 s' =s 
n 


a 


1.00 
1.60 
0.375t = 0.30 cm and £ = 0.80 cm 

EVALUATE: The overall effect of the piece of glass is to diverge the rays and move their convergence point to the 


right. For a real object, refraction at a plane surface always produces a virtual image, but with a virtual object the 
image can be real. 


gives 14.7 cm —t = { Jeso cm-—t]). 14.7 cm -t = +14.4 cm — 0.625t. 
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34.98. IDENTIFY: Apply the two equations Ma a =le a and 7 4 = = 7s 
SS R, S2 S R, 
SETUP: n,=n,,=N,, n, =n, and s; =-s,. 
z n-n, ni Mia’ 1 1 
EXECUTE: (a) Mh "= "a and ia ea oa ae l 2 >l ee {a D i ih 
So Sy R, SO R, S 8, s S f R R, 
(b) Comparing the equations for focal length in and out of air we have: 
i „| WN, „ | nun] 
fa-D=f'ana -D= f — |> f ===]. 
liq n — Mig 

EVALUATE: When n,,=1, f'= f ,as it should. 

34.99. IDENTIFY: Apply 1 p = ae : 
s s f 

SETUP: The image formed by the converging lens is 30.0 cm from the converging lens, and becomes a virtual 

object for the diverging lens at a position 15.0 cm to the right of the diverging lens. The final image is projected 

15 cm +19.2 cm =34.2 cm from the diverging lens. 

EXECUTE: l H l = E > l H l = L => f =-26.7 cm. 

s s f -150cm 34.2cm f 

EVALUATE: Our calculation yields a negative value of f, which should be the case for a diverging lens. 
34.100. IDENTIFY: The spherical mirror forms an image of the object. It forms another image when the image of the 

plane mirror serves as an object. 

SETUP: For the convex mirror f =—24.0 cm. The image formed by the plane mirror is 10.0 cm to the right of 

the plane mirror, so is 20.0 cm +10.0 cm =30.0 cm from the vertex of the spherical mirror. 

EXECUTE: The first image formed by the spherical mirror is the one where the light immediately strikes its 

surface, without bouncing from the plane mirror. 

: H Ps t > : H Lo ! => s' = —7.06 cm, and the image height 

s s f 10.0cm s' -24.0cm 

. y -7.06 

is y' = —— y = -—— (0.250 cm) = 0.177 cm. 

á s ze 10.0 ( ) 

The second image is of the plane mirror image is located 30.0 cm from the vertex of the spherical mirror. 

l H Io La : H i l => s'=-13.3 cm and the image height is 

s s! f 30.0cm s -24.0cm 

s' -13.3 
'=—— y =-—— (0.250 cm) =0.111 cm. 

Kee P ? 

EVALUATE: Other images are formed by additional reflections from the two mirrors. 
34.101. IDENTIFY: Inthe sketch in Figure 34.101 the light travels upward from the object. Apply Eq.(34.11) with 


R—- œ to the refraction at each surface. The image formed by the first surface serves as the object for the second 
surface. 
SETUP: The locations of the object and the glass plate are shown in Figure 34.101. 


air n = 1,00 


A 


3.50 cm For a plane (flat) surface 


n n 
H R>o so —+—=0 
air n 1.00 S Ss 
n 
6.00 cm s =-s 
n 


object 4 
TT 
Figure 34.101 


EXECUTE: First refraction (air — glass): 
n, =1.00; n, =1.55; s =6.00 cm 


1.5 
feels |? (6.00 cm) = -9.30 cm 
n 1.00 


a 


The image is 9.30 cm below the lower surface of the glass, so is 9.30 cm +3.50 cm =12.8 cm below the upper 
surface. 
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Second refraction (glass — air): 


n, =1.55; n, =1.00; s =+12.8 cm 


s'=-— s= RELET cm) = —8.26 cm 
1.55 


n 


a 


The image of the page is 8.26 cm below the top surface of the glass plate and therefore 
9.50 cm —8.26 cm =1.24 cm above the page. 
EVALUATE: The image is virtual. If you view the object by looking down from above the plate, the image of the 
page that you see is closer to your eye than the page is. 

34.102. IDENTIFY: Light refracts at the front surface of the lens, refracts at the glass-water interface, reflects from the 
plane mirror and passes through the two interfaces again, now traveling in the opposite direction. 
SETUP: Use the focal length in air to find the radius of curvature R of the lens surfaces. 


EXECUTE: (a) mre 1) eat > : 0522)» R=41.6em 
f R R, 40 cm R 
n, n _n-n, 1 1.52 _ 0.52 


7 = > = 
ss’ R 70.0cm s; 41.6 cm 


At the lens—water interface: > bee H Bed 2. atlas and s,=491cm. 
85lem s} -41.6cm 


The mirror reflects the image back (since there is just 90 cm between the lens and mirror.) So, the position of the 
image is 401 cm to the left of the mirror, or 311 cm to the left of the lens. 


At the water—lens interface: > Use H Loe e elay and s} = +173 cm. 
—3llem s} 41.6cm 


1.52 1 _ -0.52 
-173cm si —41.6cm 


peers see (es | ns! ie | $ (= 491 e f 7) er 
Ny S, J MySy J\ M383 J\ MyaS4 70 A-851A.-311)\ -173 

(Note all the indices of refraction cancel out.) 

(b) The image is real. 

(c) The image is inverted. 

(d) The final height is y'= my = (1.06)(4.00 mm) = 4.24 mm. 


EVALUATE: The final image is real even though it is on the same side of the lens as the object! 
34.103. IDENTIFY: The camera lens can be modeled as a thin lens that forms an image on the film. 


At the air—lens interface: and s; =—851 cm ands, =851 cm. 


At the lens—air interface: > and s, =+47.0 cm, to the left of lens. 


’ 


f i) ae WA, od AS ; 
SETUP: The thin-lens equation is —+— =— , and the magnification of the lens is m = = 


s gs f s 
f 1 i 0 
EXECUTE: (a) m=-2-=2 = Ee) => s'=(7.50x10%)s, 
y 4 (2.0m) 
t3 bada L = -His l =}=4- : =>s=46.7m. 
ss’ s (7.50x10~)s s 7.5010 f 0.0350 m 
(b) To just fill the frame, the magnification must be 3.00x10™ so: 
{14 l -]=+-= l >s=11.7m. 
s 3.00 x107 f 0.0350 m 


Since the boat is originally 46.7 m away, the distance you must move closer to the boat is 

46.7 m— 11.7 m = 35.0 m. 

EVALUATE: This result seems to imply that if you are 4 times as far, the image is 4 as large on the film. 
However this result is only an approximation, and would not be true for very close distances. It is a better 
approximation for large distances. 


s! 


34.104. IDENTIFY: Apply l H ! = À and m =- 
s s f s 
SETUP: s+s'=18.0cm 
EXECUTE: (a) ! + L = l ‘ 
18.0cm-s’ s’ 3.00cm 


s =3.80 cm or 14.2 cm, so the screen must either be 3.80 cm or 14.2 cm from the object. 


(s)? —(18.0 cm)s' + 54.0 cm? =0 so s' =14.2 cm or 3.80 cm . 
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(Oe a E E en Seer ee pe Se E 

s 14.2 s 3.80 
EVALUATE: Since the image is projected onto the screen, the image is real and s'is positive. We assumed this 
when we wrote the condition s+s5'=18.0 cm. 

34.105. IDENTIFY: Apply Eq.(34.16) to calculate the image distance for each lens. The image formed by the 1st lens 
serves as the object for the 2nd lens, and the image formed by the 2nd lens serves as the object for the 3rd lens. 
SETUP: The positions of the object and lenses are shown in Figure 34.105. 

52.0 cm 52.0 cm 1,1 -1 
: r s s f 
object 
do Ko 
S fs f 
80.0 cm l sf 
fi fy f3 S ap 
= +40.0cm = +40,.0cm = +40.0cm 
Figure 34.105 

EXECUTE: lens #1 
s = +80.0 cm; f = +40.0 cm 
= sf = (+80.0 cm)(+40.0 cm) _ -80.0 cm 

s- f +80.0 cm — 40.0 cm 
The image formed by the first lens is 80.0 cm to the right of the first lens, so it is 80.0 cm — 52.0 cm = 28.0 cm to 
the right of the second lens. 
lens #2 
s = —28.0 cm; f = +40.0 cm 
s- sf = (28.0 cm)(+40.0 cm) _ -16.47 cm 

s—f 28.0 cm—40.0 cm 
The image formed by the second lens is 16.47 cm to the right of the second lens, so it is 
52.0 cm—16.47 cm =35.53 cm to the left of the third lens. 
lens #3 
s =+35.53 cm; f =+40.0 cm 
ce sf Re (+35.53 cm)(+40.0 cm) ee 

s—f  +35.53 cm -40.0 cm 
The final image is 318 cm to the left of the third lens, so it is 318 cm—52 cm—52 cm—80 cm =134 cm to the left 
of the object. 
EVALUATE: We used the separation between the lenses and the sign conventions for s and s' to determine the 
object distances for the 2nd and 3rd lenses. The final image is virtual since the final s’ is negative. 

34.106. IDENTIFY: Apply t ae = ; and calculate s’ for each s. 

ss 

SETUP: f=90 mm 
EXECUTE: : H : = ‘Ss : H : = => s'=96.7 mm. 

ss’ f 1300mm s’ 90mm 
l, Pals l S : => s5'=91.3 mm. 
s s f 6500mm s’ 90mm 
=> As' = 96.7 mm -91.3 mm = 5.4 mm toward the film 
EVALUATE: s <a For f >Oand s> f, s' decreases as s increases. 

34.107. IDENTIFY and SET UP: The generalization of Eq.(34.22) is M = near pomii, so f= — 

EXECUTE: (a) age 10, near point = 7 cm 
7 cm 
= =3.5 cm 
f 2.0 
(b) age 30, near point =14 cm 
f= 14 oi =7.0 cm 


2.0 
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34.108. 


34.109. 


34.110. 


34.111. 


(c) age 60, near point = 200 cm 
200 cm 
DE 
(d) f =3.5 cm (from part (a)) and near point = 200 cm (for 60-year-old) 
M= 200 cm _ 
3.5 cm 
(e) EVALUATE: No. The reason f =3.5 cm gives a larger M for a 60-year-old than for a 10-year-old is that the 


=100 cm 


57 


eye of the older person can’t focus on as close an object as the younger person can. The unaided eye of the 60- 
year-old must view a much smaller angular size, and that is why the same f gives a much larger M. The angular 
size of the image depends only on fand is the same for the two ages. 


IDENTIFY: Use ` + i =- to calculate s that gives s'=-25 cm. M -f : 
s s 
SETUP: Let the height of the object be y , so 0’ = Z and 0=—>—. 
s 25 cm 

EXECUTE: (ay 24 PE i ee Der pee CE 

s s$ f s -25m f f +25cm 
(b) 0’ -arctan 2 =arctan WS F29 cm) z IS E2 cm): 

s f (25 cm) f (25 cm) 
apse ee) 1 sie) a 
0 f(25cm) y/25cm f 
(d) If f =10 cm >M = “a =3.5. This is 1.4 times greater than the magnification obtained if the image 
cm 

; ee 25cm 
if formed at infinity (M„ = = 2.5). 


EVALUATE: (e) Having the first image form just within the focal length puts one in the situation described above, 
where it acts as a source that yields an enlarged virtual image. If the first image fell just outside the second focal 
point, then the image would be real and diminished. 


IDENTIFY: Apply ae =< . The near point is at infinity, so that is where the image must be formed for any 
objects that are close. 

SETUP: The power in diopters equals + , with fin meters. 

11 [ts ou od 1 


“s gf 24m —o 024m 


EVALUATE: To focus on closer objects, the power must be increased. 


EXECUTE: = 4.17 diopters. 


IDENTIFY: Apply “247 = "27" | 
S s' R 
SETUP: n,=1.00, n, =1.40. 
1 140 0.40 
36.0cm s! 0.75cem 


EVALUATE: This distance is greater than the normal eye, which has a cornea vertex to retina distance of about 
2.6 cm. 


IDENTIFY: Use similar triangles in Figure 34.63 in the textbook and Eq.(34.16) to derive the expressions called 
for in the problem. 

(a) SETUP: The effect of the converging lens on the ray bundle is sketched in Figure 34.111. 

EXECUTE: From similar 

triangles in Figure 34.11 1a, 


EXECUTE: => s'=2.77 cm. 


Figure 34.111a 
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Thus 7, = (£4) as was to be shown. 
J1 
(b) SETUP: The image at the focal point of the first lens, a distance f; to the right of the first lens, serves as the 
object for the second lens. The image is a distance f; —d to the right of the second lens, so s, =-(f, -d)=d- f.. 
EXECUTE: s, = O Ah 
Sh d-fi-h 
ADF 
f, <0 so |f,|=—f, and s, = A-DIAL as was to be shown. 
lf|-fA+d 
(c) SET Up: The effect of the diverging lens on the ray bundle is sketched in Figure 34.11 1b. 
EXECUTE: From similar 
triangles in the sketch, h = 20: 
S2 
Thus i = £ 
h s 
Figure 34.111b 
From the results of part (a), i = Í 1! —, Combining the two results gives Í L = T 
n h-d fi-d s, 
-d 
pas h J- A-D Ali All , as was to be shown. 
fi-a) (A-A+) -dD |Al-ftd 
(d) SETUP: Put the numerical values into the expression derived in part (c). 
EXECUTE: f SA 
IA] F f +d 
` 216 cm? 
=12.0 cm, =18.0 cm, so f = ————_ 
f h f 6.0 cm+d 
d=0 gives f =36.0 cm; maximum f 
d =4.0 cm gives f =21.6 cm; minimum f 
21 : 
f =30.0 cm says 30.0 gie e 
6.0 cm +d 
6.0 cm +d =7.2 cm and d=1.2 cm 
EVALUATE: Changing d produces a range of effective focal lengths. The effective focal length can be both 
smaller and larger than f, + | fl: 
34.112. IDENTIFY: |M] ELAN 0= 2 , and 0’ = = . This gives |M| = 2A ; 
0 1 So So Jı 
SETUP: Since the image formed by the objective is used as the object for the eyepiece, y; = y, . 
EXECUTE: |M| = 2 ; fi =|% A =|%2 A = fi . Therefore, s, Satine 480 cri =1.33 cm, and this is just 
Sy Yal [Ya sa| |S. So] (S2 \M| 36 
outside the eyepiece focal point. 
Now the distance from the mirror vertex to the lens is f, +s, = 49.3 cm, and so 
oe 1 1 y 
—+—=— >s, =| ——- =12.3 cm. Thus we have a final image which is real and 12.3 cm from 
S 8S h 1.20cm 1.33 cm 
the eyepiece. (Take care to carry plenty of figures in the calculation because two close numbers are subtracted.) 
EVALUATE: Eq.(34.25) gives |M | = 40 , somewhat larger than |M | for this telescope. 
34.113. IDENTIFY and SET UP: The image formed by the objective is the object for the eyepiece. The total lateral 


magnification is m,, =m,m,.f, =8.00 mm (objective); f, =7.50 cm (eyepiece) 
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34.114. 


34.115. 


(a) The locations of the object, lenses and screen are shown in Figure 34.113. 
objective 


eyepiece 
object image of 
objective 
screen 
< >< 
s,;=? s) = 18.0cm s =? s5 = 200 cm 
f į = 0.800 cm fa = 7.50 em 


Figure 34.113 

EXECUTE: Find the object distance s, for the objective: 
s; = +18.0 cm, f; =0.800 cm, s, =? 
1 te kgia lc 
S S f 5s fs Sifi 
_ sf, _ (18.0 cm)(0.800 cm) 

si-f, 18.0 cm—0.800 cm 
Find the object distance s, for the eyepiece: 
s, = +200 cm, f, =7.50 cm, s, =? 

1 1 


et Se 
s 55S, 

sf, _ (200 cm)(7.50 cm) 
s,—f,  200cm-7.50 cm 
Now we calculate the magnification for each lens: 


=0.8372 cm 


1 


= 7.792 cm 


S, 5 


PO s ___ 18.0cm _ 21.50 
! s, 0.8372 cm 

me s), ___ 200cm _ 25.67 
Sy 7.792 cm 


My = MyM, = (-21.50)(-25.67) = 552. 
(b) From the sketch we can see that the distance between the two lenses is s; +s, =18.0 cm+7.792 cm = 25.8 cm. 


EVALUATE: The microscope is not being used in the conventional way; it merely serves as a two-lens system. In 
particular, the final image formed by the eyepiece in the problem is real, not virtual as is the case normally for a 
microscope. Eq.(34.23) does not apply here, and in any event gives the angular not the lateral magnification. 


1 


IDENTIFY: Foru and wu’ as defined in Figure 34.64 in the textbook, M = £ ; 
u 


SETUP: f, is negative. From Figure 34.64, the length of the telescope is fi + fy. 


EXECUTE: (a) From the figure, u = andu’ = =-~. The angular magnification is M = “= aa 
f Alf U f 
By EE TEE heh aie 
h M 6.33 


(c) The length of the telescope is 95.0 cm -15.0 cm = 80.0 cm, compared to the length of 110 cm for the telescope 


in Exercise 34.57. 
EVALUATE: An advantage of this construction is that the telescope is somewhat shorter. 


IDENTIFY: Use 2 + - =F to calculate s' (the distance of each point from the lens), for points A, B and C. 
S S 


SETUP: The object and lens are shown in Figure 34.115a. 


EXECUTE: (a) For point C: ! t be 3 > l t = => s'=36.0 cm. 
s s f 450cm s 20.0cm 
y= -2y = -2 as. cm) = -12.0 cm, so the image of point C is 36.0 cm to the right of the lens, and 
s ‘ 


12.0 cm below the axis. 

For point A: s =45.0 cm +8.00 cm(cos 45°) = 50.7 cm. 

: lad = : Deas => s'=33.0cm. gf 28 yl det 8G cm — 8.00 cm(sin 45°)) = —6.10 cm, 
s s! f 50.7cm s’ 20.0cm s 45.0 


so the image of point A is 33.0 cm to the right of the lens, and 6.10 cm below the axis. 
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. 1 
For point B: s =45.0 cm — 8.00 cm(cos 45°) = 39.3 cm. l H l = l > l H : = => s' = 40.7 cm. 
s s f 393cm s’ 20.0cm 
y= zey = -Laso cm +8.00 cm(sin 45°)) = -21.4 cm, so the image of point B is 40.7 cm to the right of the 
s : 


lens, and 21.4 cm below the axis. The image is shown in Figure 34.115b. 
(b) The length of the pencil is the distance from point A to B: 


L= (x, -x,) +1- 9)" = ¥G3.0. em — 40.7 cm)’ + (6.10 cm — 21.4 em)? =17.1 cm 
EVALUATE: The image is below the optic axis and is larger than the object. 
B 


l6cm C 


45 cm 


(a) 
33.0 cm 
36.0 cm 
— 
< n 
45 cm 12.0 cm 
21.4 cm A’ 
C 
: = ap 
40.7 cm 
(b) 


Figure 34.115 
34.116. IDENTIFY and SETUP: Consider the ray diagram drawn in Figure 34.116. 


EXECUTE: (a) Using the diagram and law of sines, uae =P but sind = tg =sina(law of 
(R-f) zg R 
reflection), g = (R — f ). Bisecting the triangle: cos 8 = a => Rcosé- f cos = > 
R 1 1 R. ve . 
f= J D5 er = fy) 2 aa h= F is the value of f for 6 near zero (incident ray near the axis). When 0 
increases, (2—1/cos@) decreases and f decreases. 
(b) Iho _ 0.02 > =0.98s02- =0.98. cos0= 


=0.98 and @=11.4°. 
4 h cos 2 -0.98 


EVALUATE: For 0=45°, f =0.586/,, and f approaches zero as 0 approaches 60°. 


| 
| 
l 
| 
ih 
| 
l 
l 
li 1 


R REF f V 
Figure 34.116 
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34.117. 


34.118. 


34.119. 


IDENTIFY: The distance between image and object can be calculated by taking the derivative of the separation 
distance and minimizing it. 

SET Up: Fora real image s’>0 and the distance between the object and the image is D =s +s'. For areal 
image must have s> f. 


2. 

EXECUTE: D =s +s'buts' = -> D=s4 Foaia ; 

s- f s-f s-f 

2 2 2 of 

ADs) ae, Na 8 SSF 9. 29 =0. s(s-2f)=0. s=2f is the solution for which 
ds ds\s-f}) s-f (s-fy (s-f) 
s>f. For s=2f, s'=2f . Therefore, the minimum separation is 2f +2f =4f . 
(b) A graph of D/ f versus s/f is sketched in Figure 34.117. Note that the minimum does occur for D=4/f . 
EVALUATE: If, for example, s =3f/2, then s'=3f and D=s+s'=4.5f , greater than the minimum value. 


Dif 


10.0 
9.0 
8.0 
7.0 
6.0 
5.0 
4.0 
3.0 
2.0 
1.0 
0.0 slf 
00 10 20 30 40 50 60 70 80 90 100 


Figure 34.117 


IDENTIFY and SET Up: Fora plane mirror, s'=-s . 

EXECUTE: (a) By the symmetry of image production, any image must be the same distance D as the object from 
the mirror intersection point. But if the images and the object are equal distances from the mirror intersection, they 
lie on a circle with radius equal to D. 

(b) The center of the circle lies at the mirror intersection as discussed above. 

(c) The diagram is sketched in Figure 34.118. 

EVALUATE: To see the image, light from the object must be able to reflect from each mirror and reach the 
person's eyes. 


image 1 


image 2 


Figure 34.118 


n â n no-n ; f . 
IDENTIFY: Apply —+— = Da to refraction at the cornea to find where the object for the cornea must be in 
s s 


; ; 1 1 1 . 
order for the image to be at the retina. Then use —+— = F to calculate fso that the lens produces an image of a 
s s 


distant object at this point. 
SETUP: For refraction at the cornea, n, =1.33 and n, =1.40. The distance from the cornea to the retina in this 
model of the eye is 2.60 cm. From Problem 34.46, R =0.71 cm. 

EXECUTE: (a) People with normal vision cannot focus on distant objects under water because the image is 
unable to be focused in a short enough distance to form on the retina. Equivalently, the radius of curvature of the 
normal eye is about five or six times too great for focusing at the retina to occur. 

(b) When introducing glasses, let’s first consider what happens at the eye: 

nm, n—n, __ 1.33 140 _ 0.07 
Sy SS R S, 26cm 0.71cm 


=> s, = -3.02 cm. That is, the object for the cornea must be 3.02 cm 


behind the cornea. Now, assume the glasses are 2.00 cm in front of the eye, so s; = 2.00cm+s, = 5.02 cm. 
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! 2 7 L gives i = L and f'=5.02 cm. This is the focal length in water, but to get it in air, we use 
Ss Ss Of œ 5.02cm fi 


the formula from Problem 34.98: f = f sere fe (5.02 cm] ES =1.35 cm. 
ni (n-1) 1.333(1.52 —1) 


EVALUATE: A converging lens is needed. 


INTERFERENCE 


35.1. 


35.2. 


35.3. 


IDENTIFY: Compare the path difference to the wavelength. 

SET Up: The separation between sources is 5.00 m, so for points between the sources the largest possible path 
difference is 5.00 m. 

EXECUTE: (a) For constructive interference the path difference is mA,m=0,+1,+2,... Thus only the path 
difference of zero is possible. This occurs midway between the two sources, 2.50 m from A. 

(b) For destructive interference the path difference is (m+ A, m=0,+1,+2,... 

A path difference of +2/2 =3.00 m is possible but a path difference as large as 34/2 =9.00 m is not possible. For 
a point a distance x from A and 5.00 — x from B the path difference is 

x—(5.00 m- x). x—(5.00 m—x) = +3.00 m gives x = 4.00 m. x-(5.00 m- x) = -3.00 m gives x =1.00m. 


EVALUATE: The point of constructive interference is midway between the points of destructive interference. 
IDENTIFY: For destructive interference the path difference is (m ++)2, m =0,+1,+2, .... The longest wavelength 


is for m =0 . For constructive interference the path difference is mA, m = 0,1,2, ... The longest wavelength is 


for m=1. 
SET UP: The path difference is 120 m. 


EXECUTE: (a) For destructive interference <- 120m > 2=240 m. 


(b) The longest wavelength for constructive interference is A =120 m. 


EVALUATE: The path difference doesn't depend on the distance of point Q from B. 
IDENTIFY: Use c= f4 to calculate the wavelength of the transmitted waves. Compare the difference in the 
distance from A to P and from B to P. For constructive interference this path difference is an integer multiple of the 
wavelength. 
SET Up: Consider Figure 35.3 

The distance of point P 


x from each coherent source 
<——> P B . 
-So = is r,=x and 
Oe > = 
9.00 m r, =9.00 m—x. 
Figure 35.3 


EXECUTE: The path difference is r, —r, =9.00 m—2x. 
rz —r,=mAa,m=0, +1, £2,... 
_¢ _ 2,998x10* m/s 


=2.50m 
f 120x10° Hz 


9.00 m—m(2.50 m) 
2 

9.00 m since P is said to be between the two antennas. 

m=0 gives x=4.50m 

m=+1 gives x=4.50 m -1.25 m =3.25 m 

m = +2 gives x= 4.50 m-2.50 m = 2.00 m 

m=+3 gives x= 4.50 m -3.75 m = 0.75 m 

m=-1 gives x= 4.50 m +1.25 m = 5.75 m 

m =-2 gives x= 4.50 m +2.50 m =7.00 m 

m=-3 gives x= 4.50 m +3.75 m=8.25 m 


Thus 9.00 m -2x = m(2.50 m) and x= =4.50 m- (1.25 m)m. x must lie in the range 0 to 
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35.4. 


35.5. 


35.6. 


All other values of m give values of x out of the allowed range. Constructive interference will occur for 

x =0.75 m, 2.00 m, 3.25 m, 4.50 m, 5.75 m, 7.00 m, and 8.25 m. 

EVALUATE: Constructive interference occurs at the midpoint between the two sources since that point is the 
same distance from each source. The other points of constructive interference are symmetrically placed relative to 
this point. 

IDENTIFY: For constructive interference the path difference d is related to 1 by d = må, m=0,1,2,... For 
destructive interference d =(m++4)A, m=0,1,2,... 

SETUP: d=2040nm 

EXECUTE: (a) The brightest wavelengths are when constructive interference occurs: 


Pr SHS 9 Oe oie, fe saa and 
m 3 4 
A, = =“ am = 408 nm 
(b) The path-length difference is the same, so the wavelengths are the same as part (a). 
(© d =(m+3)/,,so 4, = g = 2 . The visible wavelengths are 2, =583 nm and 4, =453 nm. 
mti mèz 


EVALUATE: The wavelengths for constructive interference are between those for destructive interference. 
IDENTIFY: Ifthe path difference between the two waves is equal to a whole number of wavelengths, constructive 
interference occurs, but if it is an odd number of half-wavelengths, destructive interference occurs. 

SETUP: We calculate the distance traveled by both waves and subtract them to find the path difference. 
EXECUTE: Call P; the distance from the right speaker to the observer and P, the distance from the left speaker to 
the observer. 


a) P, = 8.0 mand P, =,/(6.0 m}? +(8.0 m} =10.0 m. The path distance is 
2 p 
AP =P,-P _=10.0 m- 8.0 m=2.0 m 


(b) The path distance is one wavelength, so constructive interference occurs. 

(c) P} = 17.0 m and P, = (6.0m) +(17.0m)* =18.0m . The path difference is 18.0 m — 17.0 m= 1.0 m, which is 
one-half wavelength, so destructive interference occurs. 

EVALUATE: Constructive interference also occurs if the path difference 21,312,472, etc., and destructive 
interference occurs if itis 2/2, 3 4/2, 5 4/2, etc. 


IDENTIFY: At an antinode the interference is constructive and the path difference is an integer number of 
wavelengths; path difference = mA, m =0,+1,+2,... at an antinode. 


SETUP: The maximum magnitude of the path difference is the separation d between the two sources. 
EXECUTE: (a) At S\,7, -r =44, and this path difference stays the same all along the y-axis, so 


m=+Ă. At S,,r, -r =—44, and the path difference below this point, along the negative y-axis, stays the same, so 
m=-4. 
(b) The wave pattern is sketched in Figure 35.6. 


. bu . ; d 
(c) The maximum and minimum m-values are determined by the largest integer less than or equal to T 


(d) If d= 153 => -7 <m < +7, so there will be a total of 15 antinodes between the sources. 


EVALUATE: We are considering points close to the two sources and the antinodal curves are not straight lines. 
y 


| 


Figure 35.6 
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35.7. 


35.8. 


35.9. 


35.10. 


35.11. 


IDENTIFY: At an antinodal point the path difference is equal to an integer number of wavelengths. 
SETUP: For m=3, the path difference is 34. 
EXECUTE: Measuring with a ruler from both S, and S, to the different points in the antinodal line labeled m=3, 


we find that the difference in path length is three times the wavelength of the wave, as measured from one crest to 
the next on the diagram. 
EVALUATE: There is a whole curve of points where the path difference is 34. 


: ; ; mA, 
IDENTIFY: The value of y,, is much smaller than R and the approximate expression y,, = RET is accurate. 


SETUP: y„=10.6x10° m. 


_ 20RA _ (20)(1.20 m)(502 x10” m) 
Ya 10.6x10° m 


EVALUATE: tan, = k so 6 =0.51° and the approximation sin 6, ~ tan 6, is very accurate. 


EXECUTE: d =1.14x10° m=1.14 mm 


IDENTIFY and SET UP: The dark lines correspond to destructive interference and hence are located by Eq.(35.5): 


d 
Solve for @ that locates the second and third dark lines. Use y = Rtan@ to find the distance of each of the dark 


lines from the center of the screen. 
EXECUTE: lst dark line is for m =0 


l [mez )a 
asino=[m+], so sin@ = ~——_+~_,, m=0,+1,+2.... 


3A 3(500x10° m) 

2d 2(0.450x 10m) 
5A 5(500x10° m) 
2d  2(0.450x10°m) 


(Note that 6, and 0, are small so that the approximation 0 ~ sin@ ~ tan@ is valid.) The distance of each dark line 


2nd dark line is for m=1 and sin 6, = =1.667x10° and 6, =1.667 x10” rad 


3rd dark line is for m=2 and sin@, = =2.778x10~ and 0, =2.778x10™ rad 


from the center of the central bright band is given by y,, = Rtan@, where R =0.850 m is the distance to the 


screen. 
tand = @ soy, = R6,, 


yı = RO, = (0.750 m)(1.667 x 10™ rad) =1.25x107 m 

y, = RO, = (0.750 m)(2.778 x 10° rad) =2.08x 107 m 

Ay = y, — y, =2.08x10° m-1.25x10° m=0.83 mm 

EVALUATE: Since 6, and 0, are very small we could have used Eq.(35.6), generalized to destructive 


1 
interference: y,, = rfm + iwa. 


IDENTIFY: Since the dark fringes are eqully spaced, R >> y,,, the angles are small and the dark bands are located 
S)A 
by y= pe ; 


; . . Ra 
SETUP: The separation between adjacent dark bands is Ay = a 


-7 
EXECUTE: Ay= RA _ , R _ (80m) (4.50%10 m) 
d Ay 420x107 m 


EVALUATE: When the separation between the slits decreases, the separation between dark fringes increases. 
IDENTIFY and SET UP: The positions of the bright fringes are given by Eq.(35.6): y,, = R(mA/d). For each 


=1.93x10~* m=0.193 m. 


fringe the adjacent fringe is located at y,,,, =R(m+)A/d. Solve for 2. 
EXECUTE: The separation between adjacent fringes is Ay = y,,,,—y,, =RA/d. 
_ dAy _ (0.460x10° m)(2.82x10° m) 


R 2.20 m 
EVALUATE: Eq.(35.6) requires that the angular position on the screen be small. The angular position of bright 


A 


=5.90x107 m=590 nm 


fringes is given by sin@=mA/d. The slit separation is much larger than the wavelength (1/d =1.3x10~), so 0 


is small so long as m is not extremely large. 
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35.12. 


35.13. 


35.14. 


35.15. 


35.16. 


IDENTIFY: The width of a bright fringe can be defined to be the distance between its two adjacent destructive 
(m+) 
ee 


minima. Assuming the small angle formula for destructive interference y„ =R 


SETUP: d=0.200x10° m. R=4.00m. 
EXECUTE: The distance between any two successive minima 
(400 x10°m) 


(0.20010 m) =8.00 mm. Thus, the answer to both part (a) and part (b) is that the 
fe x m 


1S Vat —Yn = Ra = (4.00 m) 


width is 8.00 mm. 
EVALUATE: For small angles, when y,,« R, the interference minima are equally spaced. 


A 1 ; , 
IDENTIFY and SET UP: The dark lines are located by d sin 0 = (m + 2) A. The distance of each line from the 


center of the screen is given by y = RtanJd. 

EXECUTE: First dark line is for m=0 and dsin6@, = 4/2. 
A 550x10° m 
2d 2(1.80x10~ m) 

3A 550x10” m 
ba aw m) 
y, = Rtan 6, =(0.350 m)tan8.789° = 0.0541 m 

y, = Rtan 8, = (0.350 m) tan 27.28° = 0.1805 m 

The distance between the lines is Ay = y, — y, = 0.1805 m—0.0541 m =0.126 m = 12.6 cm. 

EVALUATE: sin, = 0.1528 and tan6, =0.1546. sin@, = 0.4583 and tan@, =0.5157. As the angle increases, 


sin @ ~ tan@ becomes a poorer approximation. 


sin 0, = = 0.1528 and 6, =8.789°. Second dark line is for m=1 and d sin, =3A/2. 


sin 0, = 


= 0.4583 and 0, =27.28°. 


IDENTIFY: Using Eq.(35.6) for small angles: y,, = R” ; 
SET UP: First-order means m=1. 
EXECUTE: The distance between corresponding bright fringes is 
Rm A1- (5.00 m)(1) 
d (0.300x10° m) 


EVALUATE: The separation between these fringes for different wavelengths increases when the slit separation 
decreases. 

IDENTIFY and SET UP: Use the information given about the bright fringe to find the distance d between the two 
slits. Then use Eq.(35.5) and y=Rtan@ to calculate 2 for which there is a first-order dark fringe at this same 


Ay= (660 — 470) x(10° m) =3.17 mm. 


place on the screen. 


-9 
EXECUTE: y, SRA Bae RA _ (3.00 ECORI m) 
d Yı 4.84x10” m 


=3.72x10~ m. (R is much greater than d, so Eq.35.6 


is valid.) The dark fringes are located by d sin 0 = [m + sa m=0,+1,+2,... The first order dark fringe is located 


by sin =4,/2d, where A, is the wavelength we are seeking. 


AR 
y=Rtanð ~x Rsind == 
2d 


We want A, such that y = y,. This gives = Z and A, =24 =1200 nm. 


EVALUATE: For 2=600 nm the path difference from the two slits to this point on the screen is 600 nm. For this 
same path difference (point on the screen) the path difference is 4/2 when 4 =1200 nm. 


: ; A ‘ ; 
IDENTIFY: Bright fringes are located at y,, = Re , when y„ < R . Dark fringes are at d sin 8 =(m ++)4 and 


y=Rtanð. 

c _3.00x10° m/s 
f 6.32x10* Hz 
spot), m=3. For the third dark fringe, m=2. 


SETUP: A= =4.75x10' m. For the third bright fringe (not counting the central bright 
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35.17. 


35.18. 


35.19. 


35.20. 


35.21. 


mAR _ 3(4.75x107 m)(0.850 m) 
0.0311 m 


4.75x107 m 
3.89x10° m 


EVALUATE: The third dark fringe is closer to the center of the screen than the third bright fringe on one side of 
the central bright fringe. 

IDENTIFY: Bright fringes are located at angles 0 given by dsinĝ = må. 

SETUP: The largest value sin @ can have is 1.00. 


_ dsin@ _d _0.0116x10° m 
A A 585x107 m 
on the screen is m=19. There are 2(19) +1 =39 bright fringes, the central one and 19 above and 19 below it. 
-7 
+19 5.85 x10 a 
0.0116x10° m 


EVALUATE: For small @ the spacing Ay between adjacent fringes is constant but this is no longer the case for 


EXECUTE: (a) d= =3.89x10° m=0.0389 mm 


m 


(b) sind =(24 yA -es( 


J- 0.0305 and 0 =1.75°. y= Rtanð =(85.0 cm)tan1.75° =2.60 cm. 


EXECUTE: (a) m . For sn@=1, m 


=19.8. Therefore, the largest m for fringes 


(b) The most distant fringe has m=+19. sin = ma = ) = +0.958 and 0 =+73.3°. 


larger angles. 
IDENTIFY: At large distances from the antennas the equation d sin 0 = må, m=0,+1,+2,... gives the angles where 


maximum intensity is observed and d sin 0 =(m++)A, m=0,+1,+2,... gives the angles where minimum intensity 


is observed. 


SETUP: d=12.0m. Aas. 


EXECUTE: (a) A= 


c 3.00x10° m/s f ma 2.78 m 
-= z =2.78 m. sinĝ= =m 
f 107.9x10° Hz d 12.0 m 


0 =+13.4°, +27.6°, +44.1°, +68.1°. 


) = m(0.232) . 


(b) sin? = (m+ p =(m+45)(0.232). 0 =+6.66°, +20.4°, +35.5°, +54.3°. 

EVALUATE: The angles for zero intensity are approximately midway between those for maximum intensity. 
IDENTIFY: Eq.(35.10): J =J,cos’(¢/2). Eq.(35.11): ¢=(27/A\(r, -7). 

SETUP: ¢ is the phase difference and (r, —7) is the path difference. 

EXECUTE: (a) J =1,(cos 30.0°)° =0.7501, 

(b) 60.0° =(z/3) rad. (r, -7) =(9/22)A =[(2/3)/2m]4=4/6=80nm. 

EVALUATE: ¢=360°/6and (r, -7)=4/6. 

A@ _ path difference 


27 
SETUP: The sources and point P are shown in Figure 35.20. 


524 cm — 486 cm 
2 cm 


IDENTIFY: relates the path difference to the phase difference Ag. 


EXECUTE: Ag= 2l ) =119 radians 


EVALUATE: The distances from B to P and A to P aren't important, only the difference in these distances. 


Figure 35.20 


IDENTIFY and SET UP: The phase difference ¢ is given by ø= (2rd /A)sinð (Eq.35.13.) 
EXECUTE: ¢=[27(0.340x10° m)/(500x10° m)]sin 23.0° =1670 rad 


EVALUATE: The mth bright fringe occurs when ¢=2z™m, so there are a large number of bright fringes within 
23.0° from the centerline. Note that Eq.(35.13) gives ø in radians. 
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35.22. IDENTIFY: The maximum intensity occurs at all the points of constructive interference. At these points, the path 
difference between waves from the two transmitters is an integral number of wavelengths. 
SET UP: For constructive interference, sin 0= mA/d. 
EXECUTE: (a) First find the wavelength of the UHF waves: 


A = c/f = (3.00 x 10° m/s)/(1575.42 MHz) = 0.1904 m 
For maximum intensity (ad sin 0)/A = ma, so 
sin O= m//d = m[(0.1904 m)/(5.18 m)] = 0.03676m 
The maximum possible m would be for 0= 90°, or sin @= 1, so 
Mmax = A/A = (5.18 m)/(0.1904 m) = 27.2 


which must be +27 since m is an integer. The total number of maxima is 27 on either side of the central fringe, plus 
the central fringe, for a total of 27 + 27 + 1 = 55 bright fringes. 
(b) Using sin 0= mA/d, where m = 0, +1, +2, and +3, we have 


sin = mA/d = m{(0.1904 m)/(5.18 m)] = 0.03676m 


m = 0: sin 0= 0, which gives 0= 0° 

m=+1: sin 0 = +(0.03676)(1), which gives 0= +2.11° 
m = +2: sin 0= +(0.03676)(2), which gives 0= +4.22° 
m = +3: sin 0= +(0.03676)(3), which gives 0= +6.33° 


(c) 1= 1,c0s'( 500) = (2.00 Wim )eos | ZE KONOS J = 1.28 Wim’. 
A 0.1904m 


EVALUATE: Notice that sin@ increases in integer steps, but @ only increases in integer steps for small 8. 


35.23. (a) IDENTIFY and SET UP: The minima are located at angles 0 given by dsin@= [m + >) The first minimum 


corresponds to m=0. Solve for @. Then the distance on the screen is y= Rtand. 
A _ 660x10° m 
2d 2(0.260x10° m) 
y = (0.700 m)tan(1.27 x10” rad) = 0.889 mm. 

(b) IDENTIFY and SET UP: Eq.(35.15) given the intensity J as a function of the position y on the screen: 


EXECUTE: sin0= =1.27x10° and 6 =1.27x10° rad 


I =1,008" (2) Set J=J,/2 and solve for y. 


EXECUTE: Telr says cos? (4-3 
2 AR 2 
cos( 32 - i so H rad 
ARJ J2 AR 4 
-9 
_ AR _ (660x107 m)(0.700 m) -0.444 mm 


4d 4(0.260x 10° m) 
EVALUATE: J=/J,/2 ata point on the screen midway between where J=J/, and J =0. 


d 
35.24. IDENTIFY: Eq. (35.14): I= cos? “sin 0} 
SETUP: The intensity goes to zero when the cosine’s argument becomes an odd integer multiple of 5 


EXECUTE: Zé in 0=(m+1/2)z gives dsin@ = A(m +1/2), which is Eq. (35.5). 


EVALUATE: Section 35.3 shows that the maximum-intensity directions from Eq.(35.14) agree with Eq.(35.4). 
35.25. IDENTIFY: The intensity decreases as we move away from the central maximum. 

SET UP: The intensity is given by J = J, cos? (=) 
EXECUTE: First find the wavelength: 2 = c/f = (3.00 x 10° m/s)/(12.5 MHz) = 24.00 m 
At the farthest the receiver can be placed, J = J)/4, which gives 


{b= 7 bos? OV a's pet | BOP al ok. sg MO) ied 
4 AR AR 4 AR 2 
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The solutions are zdy/AR = 2/3 and 27/3. Using 7/3, we get 
y = AR/d = (24.00 m)(500 m)/[3(56.0 m)] = 71.4 m 
It must remain within 71.4 m of point C. 


EVALUATE: Using ady/AR = 27/3 gives y = 142.8 m. But to reach this point, the receiver would have to go 
beyond 71.4 m from C, where the signal would be too weak, so this second point is not possible. 


. ; 2 ; PE 
35.26. IDENTIFY: The phase difference ¢ and the path difference 7 —r, are related by ¢= t —r,). The intensity is 


given by J =I, cos” ($) : 


8 
SET UP: ya E 200x10 m/s 


-== = 2.50 m . When the receiver measures zero intensity Z, ¢=0. 
f 1.20x10° Hz 


_ la 
~ 2.50m 


(b) 7 =I, cos’ ($) =I, cos'(*8 = =) =0.4041,. 


EVALUATE: (r —r,) is greater than 1/2, so one minimum has been passed as the receiver is moved. 


EXECUTE: (a) $= == (,-1) (1.8 m) = 4.52 rad. 


35.27. IDENTIFY: Consider interference between rays reflected at the upper and lower surfaces of the film. Consider 
phase difference due to the path difference of 2t and any phase differences due to phase changes upon reflection. 
SET UP: Consider Figure 35.27. 

Both rays (1) and (2) 

undergo a 180° phase 

change on reflection, so 

these is no net phase 

difference introduced and 

the condition for 

destructive interference is 


2S [m +h 
2 


Figure 35.27 
[m + >} a 
EXECUTE: t= ; thinnest film says m=0 so t= Te 
-9 
Ds go e a a CON patio ma a 
1.42 4(1.42) 4(1.42) 


EVALUATE: We compared the path difference to the wavelength in the film, since that is where the path 
difference occurs. 

35.28. IDENTIFY: Require destructive interference for light reflected at the front and rear surfaces of the film. 
SET Up: At the front surface of the film, light in air (n =1.00 ) reflects from the film ( = 2.62 ) and there is a 
180° phase shift due to the reflection. At the back surface of the film, light in the film (n = 2.62 ) reflects from 
glass ( n =1.62 ) and there is no phase shift due to reflection. Therefore, there is a net 180° phase difference 
produced by the reflections. The path difference for these two rays is 2t, where t is the thickness of the film. The 


wavelength in the film is 2 = 20> n 
2.62 
EXECUTE: (a) Since the reflection produces a net 180° phase difference, destructive interference of the reflected 


505 nm 

2[2.62] 
(b) The next three thicknesses are for m =2 , 3 and 4: 192 nm, 289 nm and 386 nm. 
EVALUATE: The minimum thickness is for t= /7/2n . Compare this to Problem 35.27, where the minimum 
thickness for destructive interference is t =4/4n . 

35.29. IDENTIFY: The fringes are produced by interference between light reflected from the top and bottom surfaces of 
the air wedge. The refractive index of glass is greater than that of air, so the waves reflected from the top surface 
of the air wedge have no reflection phase shift and the waves reflected from the bottom surface of the air wedge do 


light occurs when 2t=mA. t= nf )- (96.4 nm)m. The minimum thickness is 96.4 nm. 
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35.30. 


35.31. 


have a half-cycle reflection phase shift. The condition for constructive interference (bright fringes) is therefore 
2t=(mt+5)A. 

SET UP: The geometry of the air wedge is sketched in Figure 35.29. At a distance x from the point of contact of 
the two plates, the thickness of the air wedge is t. 


A 
EXECUTE: tang = so t=xtand. EE EE A X„ =(m+4) and x,,,, =(m+3) . The 
x 2 2tand 2tan0 
: ; j ; A : 1.00 
distance along the plate between adjacent fringes is Ax =x,,,, —X,, = . 15.0 fringes/em =—— and 
2tand Ax 


-9 
100 Visor tine e0 
2Ax  2(0.0667x102 m) 


Eec Na =4.09x10*. The angle of the wedge is 
15.0 fringes/em 


4.09x107 rad =0.0234° . 
EVALUATE: The fringes are equally spaced; Av is independent of m. 


Figure 35.29 


IDENTIFY: The fringes are produced by interference between light reflected from the top and from the bottom 
surfaces of the air wedge. The refractive index of glass is greater than that of air, so the waves reflected from the 
top surface of the air wedge have no reflection phase shift and the waves reflected from the bottom surface of the 
air wedge do have a half-cycle reflection phase shift. The condition for constructive interference (bright fringes) 
therefore is 2t = (m +4)4. 
SET UP: The geometry of the air wedge is sketched in Figure 35.30. 

0.0800 mm 


EXECUTE: tan@ =————_ = 8.89 x 10". tang =~ so t =(8.89x10“)x. Eabar 
90.0 mm x 2 


=(m+3) 


A A 
X,, =(m+5)———— and x > 


2(8.89 x 10) o 2(8.89 x10) ` 
A 656x10° m 

> er = 

”  2(8.89x104) 2(8.89 x10) 

1.00 1.00 


Ax 0.0369 cm 
EVALUATE: As ź— 0 the interference is destructive and there is a dark fringe at the line of contact between the 


two plates. 
wee ao 


9.00 cm 


The distance along the plate between adjacent fringes 


is Ax = Xpy =3.69x10% m =0.369 mm. The number of fringes per cm is 


= 27.1 fringes/cm . 


Figure 35.30 
IDENTIFY: The light reflected from the top of the TiO, film interferes with the light reflected from the top of the 
glass surface. These waves are out of phase due to the path difference in the film and the phase differences caused 
by reflection. 
SETUP: There is a z phase change at the TiO, surface but none at the glass surface, so for destructive 
interference the path difference must be m4 in the film. 
EXECUTE: (a) Calling T the thickness of the film gives 2T = mA)/n, which yields T = mA)(2n). Substituting the 
numbers gives 


T = m (520.0 nm)/[2(2.62)] = 99.237m 
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35.32. 


35.33. 


35.34. 


T must be greater than 1036 nm, so m = 11, which gives T= 1091.6 nm, since we want to know the minimum 
thickness to add. 
AT= 1091.6 nm — 1036 nm = 55.6 nm 
(b) (i) Path difference = 27 = 2(1092 nm) = 2184 nm = 2180 nm. 
(ii) The wavelength in the film is 2 = Ap/n = (520.0 nm)/2.62 = 198.5 nm. 
Path difference = (2180 nm)/[(198.5 nm)/wavelength] = 11.0 wavelengths 
EVALUATE: Because the path difference in the film is 11.0 wavelengths, the light reflected off the top of the film 
will be 180° out of phase with the light that traveled through the film and was reflected off the glass due to the 
phase change at reflection off the top of the film. 
IDENTIFY: Consider the phase difference produced by the path difference and by the reflections. For destructive 
interference the total phase difference is an integer number of half cycles. 
SETUP: The reflection at the top surface of the film produces a half-cycle phase shift. There is no phase shift at 
the reflection at the bottom surface. 
EXECUTE: (a) Since there is a half-cycle phase shift at just one of the interfaces, the minimum thickness for 
A_ aA, _ 550nm 
4 4n 4(1.85) 
(b) The next smallest thickness for constructive interference is with another half wavelength thickness added: 
234 340 _ 3(550 nm) 
4 4n 4(1.85) 
EVALUATE: Note that we must compare the path difference to the wavelength in the film. 
IDENTIFY: Consider the interference between rays reflected from the two surfaces of the soap film. Strongly 
reflected means constructive interference. Consider phase difference due to the path difference of 2¢ and any phase 


difference due to phase changes upon reflection. 
(a) SETUP: Consider Figure 35.33. 


= 74.3 nm. 


constructive interference is t = 


= 223 nm. 


There is a 180° phase 
change when the light is 
reflected from the outside 
surface of the bubble and 
no phase change when the 
light is reflected from the 


n 1.00 


o 
180 
hase 
change ` 


n = 1.33 


\ no phase SA 
n= 1.00 ‘change inside surface. 
Figure 35.33 


EXECUTE: The reflections produce a net 180° phase difference and for there to be constructive interference the 
path difference 2t must correspond to a half-integer number of wavelengths to compensate for the 2/2 shift due to 


the reflections. Hence the condition for constructive interference is 2t = [m acy n), m =0,1,2,... Here A, is 


the wavelength in air and (A,/n) is the wavelength in the bubble, where the path difference occurs. 


4, = 2 _ 2(290 nm)(1.33) _ 771.4 nm 
ee m+— m+— 
2 2 2 


for m=0, 2=1543 nm; for m=1, 2=514 nm; for m=2, 2=308 nm;... Only 514 nm is in the visible region; 


the color for this wavelength is green. 
2tn  2(340 nm)(1.33) 904.4 nm 
eS a L 
m+— m+— m+— 
2 2 2 


for m=0, 2 =1809 nm; for m=1, 2=603 nm; for m=2, A =362 nm;... Only 603 nm is in the visible region; 


the color for this wavelength is orange. 

EVALUATE: The dominant color of the reflected light depends on the thickness of the film. If the bubble has 
varying thickness at different points, these points will appear to be different colors when the light reflected from 
the bubble is viewed. 

IDENTIFY: The number of waves along the path is the path length divided by the wavelength. The path 
difference and the reflections determine the phase difference. 


SETUP: The path length is 2t=17.52x10° m. The wavelength in the film is 2 = 4y : 
n 
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35.35. 


35.36. 


35.37. 


35.38. 


35.39. 


6 
6AB nmi =480 nm. The number of waves is 2 = Men = 
1.35 A 480x10° m 


(b) The path difference introduces a 1/2, or 180° , phase difference. The ray reflected at the top surface of the 


EXECUTE: (a) 4= 36.5. 


film undergoes a 180° phase shift upon reflection. The reflection at the lower surface introduces no phase shift. 
Both rays undergo a 180° phase shift, one due to reflection and one due to reflection. The two effects cancel and 
the two rays are in phase as they leave the film. 
EVALUATE: Note that we must use the wavelength in the film to determine the number of waves in the film. 
IDENTIFY: Require destructive interference between light reflected from the two points on the disc. 
SETUP: Both reflections occur for waves in the plastic substrate reflecting from the reflective coating, so they 
both have the same phase shift upon reflection and the condition for destructive interference (cancellation) is 
2t=(m+4)A , where t is the depth of the pit. 4 = As . The minimum pit depth is for m=0. 

n 
A ; A A _ 790 nm 
2° 4 4n 4(1.8) 
EVALUATE: The path difference occurs in the plastic substrate and we must compare the wavelength in the 
substrate to the path difference. 
IDENTIFY: Consider light reflected at the front and rear surfaces of the film. 
SETUP: At the front surface of the film, light in air (n =1.00 ) reflects from the film ( = 2.62 ) and there is a 
180° phase shift due to the reflection. At the back surface of the film, light in the film (n = 2.62 ) reflects from 
glass (n =1.62 ) and there is no phase shift due to reflection. Therefore, there is a net 180° phase difference 
produced by the reflections. The path difference for these two rays is 2t, where t is the thickness of the film. The 


EXECUTE: 2t 


=110 nm =0.11 wm. 


wavelength in the film is 4 = 20a am y 
2.62 
EXECUTE: (a) Since the reflection produces a net 180° phase difference, destructive interference of the reflected 


505 nm 
2[2.62] 


(b) The next three thicknesses are for m=2 , 3 and 4: 192 nm, 289 nm and 386 nm. 

EVALUATE: The minimum thickness is for t =4/2n . Compare this to Problem 34.27, where the minimum 
thickness for destructive interference is t = 4/4n . 

IDENTIFY and SET Up: Apply Eq.(35.19) and calculate y for m =1800. 

EXECUTE: Eq.(35.19): y =m(A/2) =1800(633 x10” m)/2=5.70x10* m=0.570 mm 

EVALUATE: A small displacement of the mirror corresponds to many wavelengths and a large number of fringes 
cross the line. 

IDENTIFY: Apply Eq.(35.19). 

SETUP: m=818. Since the fringes move in opposite directions, the two people move the mirror in opposite 
directions. 


light occurs when 2¢=m/A. t= nl J- (96.4 nm)m. The minimum thickness is 96.4 nm. 


må, _818(6.06 x10” m) 


EXECUTE: (a) For Jan, the total shift was y, = 5 5 = 2.48 x10“m. For Linda, the total shift 


_ mA, _ 818(5.02x107 m) 
oe 2 

(b) The net displacement of the mirror is the difference of the above values: 

Ay = y, — y, = 0.248 mm — 0.205 mm = 0.043 mm. 


=2.05x10~ m. 


was y, 


EVALUATE: The person using the larger wavelength moves the mirror the greater distance. 
IDENTIFY: Consider the interference between light reflected from the top and bottom surfaces of the air film 
between the lens and the glass plate. 


SET Up: For maximum intensity, with a net half-cycle phase shift due to reflections, 2t = fm + sa 


t=R-VR -r°. 
EXECUTE: ene g VR -r >VR?-r? =R Gn 

F 2 
>R?’ -r'’=R° |e Gm AAR, ,_ JOmsDAR =] 


>rr CIIDAE for R». 
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35.40. 


35.41. 


35.42. 


35.43. 


The second bright ring is when m =1: 


ave (2(1) +1) (5.80 x107m) (0.952 m) 
2 
So the diameter of the second bright ring is 1.82 mm. 


=9.10x10%m =0.910 mm. 


EVALUATE: The diameter of the m" ring is proportional to /2m +1 , so the rings get closer together as m 
increases. This agrees with Figure 35.17b in the textbook. 


| 2 DAR 
IDENTIFY: As found in Problem 35.39, the radius of the mth bright ring is r ~ ae for R> A. 


SET Up: Introducing a liquid between the lens and the plate just changes the wavelength from 2 to 2 , where n 
n 


is the refractive index of the liquid. 

(2m+1)AR r _0.850mm 
2n Vn v1.33 

EVALUATE: The refractive index of the water is less than that of the glass plate, so the phase changes on 

reflection are the same as when air is in the space. 

IDENTIFY: The liquid alters the wavelength of the light and that affects the locations of the interference minima. 

SETUP: The interference minima are located by d sin 0 = (m + A . For a liquid with refractive index n, 


=0.737 mm. 


EXECUTE: r(n)% 


; : : : : : o 
ehesan Ge. Sa Oi  sinG;, sind, _ SiN Oia _ sinô sin35.20° _ 
2 


: n=— : = =1.730. 
d Ay Aig Ay. Ajj, [1 sinO;,, sin19.46 


EVALUATE: Inthe liquid the wavelength is shorter and sin 0 = (m + Da gives a smaller @ than in air, for the 


same m. 
IDENTIFY: As the brass is heated, thermal expansion will cause the two slits to move farther apart. 

SET Up: For destructive interference, d sin O= 4/2. The change in separation due to thermal expansion is dw = 
QW, aT, where w is the distance between the slits. 

EXECUTE: The first dark fringe is at d sin 0= A/2 > sin 0 = 1/2d. 

Call d = w for these calculations to avoid confusion with the differential. sin 0= 2/2w 

Taking differentials gives d(sin 0) = d(A/2w) and cosOd0= — 4/2 dw/w’. 

AawdT  AadT 


For thermal expansion, dw = awodT, which gives cos0d0 = . Solving for d0 gives 


we 2w, 
AadT ; , site ; Sau . $ 
d0 = -———. Get A: wo sin Q= 4/2 > A= 2w sin®. Substituting this quantity into the equation for d0 gives 
2w, cos A, 
Gp ee any wate 
2w, cos 6; 


d@ =—tan(32.5°)(2.0x10° K™)(115 K) =—0.001465 rad =—0.084° 

The minus sign tells us that the dark fringes move closer together. 

EVALUATE: We can also see that the dark fringes move closer together because sin@is proportional to 1/d, so as 
d increases due to expansion, 0 decreases. 

IDENTIFY: Both frequencies will interfere constructively when the path difference from both of them is an 
integral number of wavelengths. 

SETUP: Constructive interference occurs when sin@= m//d. 

EXECUTE: First find the two wavelengths. 


A, = v/f, = (344 m/s)/(900 Hz) = 0.3822 m 


Ay = v/f} = (344 m/s)/(1200 Hz) = 0.2867 m 
To interfere constructively at the same angle, the angles must be the same, and hence the sines of the angles must 
be equal. Each sine is of the form sin 0= mA/d, so we can equate the sines to get 


mA,/d am myA2/d 
m,(0.3822 m) = m;(0.2867 m) 


My = 4/3 mı 
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Since both m, and m, must be integers, the allowed pairs of values of m, and m, are 
Mm, TAHTE 0 
My” 3, m: = 4 
m,=6, m=8 
mı = 9, Mı = 12 
etc. 
For m, = m = 0, we have 0= 0. 
For m, =3, m, = 4, we have sin 0, = (3)(0.3822 m)/(2.50 m), giving 6, = 27.3° 
For m, =6, m, = 8, we have sin 0, = (6)(0.3822 m)/(2.50 m), giving 6, = 66.5° 
For m, =9, m, = 12, we have sin 0, = (9)(0.3822 m)/(2.50 m) = 1.38 > 1, so no angle is possible. 
EVALUATE: At certain other angles, one frequency will interfere constructively, but the other will not. 


oo 1 
35.44. IDENTIFY: For destructive interference, d =r, =n = [m + Lja 


SETUP: r, -r, =4(200 m} +x? -x 


2 
EXECUTE: (200 m} +x’ -xaf (m H J H 2xfm H Ae 


_ 20,000 m? 


x= 
[m + ae 
2 
m=0:x=76l1m; m=1:x=219m; m=2:x=90.1m; m=3; x =20.0 m. 
EVALUATE: For m=3, d=3.52=181m. The maximum possible path difference is the separation of 200 m 
between the sources. 
35.45. IDENTIFY: The two scratches are parallel slits, so the light that passes through them produces an interference 
pattern. However the light is traveling through a medium (plastic) that is different from air. 
SET Up: The central bright fringe is bordered by a dark fringe on each side of it. At these dark fringes, d sin 0= 
2 A/n, where n is the refractive index of the plastic. 
EXECUTE: First use geometry to find the angles at which the two dark fringes occur. At the first dark fringe 
tan = [(5.82 mm)/2]/(3250 mm), giving 9= +0.0513° 
For destructive interference, we have d sin 0= % A/n and 
n = A/(2dsin 0) = (632.8 nm)/[2(0.000225 m)(sin 0.0513°)] = 1.57 
EVALUATE: The wavelength of the light in the plastic is reduced compared to what it would be in air. 
35.46. IDENTIFY: Interference occurs due to the path difference of light in the thin film. 
SET UP: Originally the path difference was an odd number of half-wavelengths for cancellation to occur. If the 
path difference decreases by ⁄2 wavelength, it will be a multiple of the wavelength, so constructive interference 
will occur. 
EXECUTE: Calling AT the thickness that must be removed, we have 


path difference =2AT='4 Anand AT= /A/4n = (525 nm)/[4(1.40)] = 93.75 nm, 


At 4.20 nm/yr, we have (4.20 nm/yr)t = 93.75 nm and t = 22.3 yr. 

EVALUATE: Ifyou were giving a warranty on this film, you certainly could not give it a “lifetime guarantee”! 
35.47. IDENTIFY and SET UP: Ifthe total phase difference is an integer number of cycles the interference is constructive 

and if it is a half-integer number of cycles it is destructive. 

EXECUTE: (a) If the two sources are out of phase by one half-cycle, we must add an extra half a wavelength to 

the path difference equations Eq.(35.1) and Eq.(35.2). This exactly changes one for the other, for 


m— m+}łand m+}; — m, since m in any integer. 


51.7 m. 


8 
: [m H : ja The wavelength is calculated by 4 = at = sea = 
2 f  5.80x10°Hz 


2 


(b) If one source leads the other by a phase angle ¢ , the fraction of a cycle difference is £ Thus the path length 
1 


difference for the two sources must be adjusted for both destructive and constructive interference, by this amount. 
So for constructive inference: 7, — r, =(m+/2z)A, and for destructive interference, r,—r, =(m+1/2+¢4/2z)A, 
where in each case m = 0,+1,+2,... 
EVALUATE: If ¢=0 these results reduce to Eqs.(35.1) and (35.2). 

35.48. IDENTIFY: Follow the steps specified in the problem. 
SETUP: Use cos(@t + ¢/2) =cos(at)cos(¢/2)—sin(ot)sin(¢/2). Then 


1+ cos(@) i 


2cos(¢/2)cos(at + ¢/2) = 2.cos(@t)cos’(¢/2) —2sin(at)sin(¢/2)cos(¢/2). Then use cos’(¢/2) = d 
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2sin(¢/2)cos(¢/2)=sing. This gives cos(@t) + (cos(@t)cos(¢) —sin(@t) sin(¢)) = cos(a@t) + cos(wt + ø) , using 
again the trig identity for the cosine of the sum of two angles. 

EXECUTE: (a) The electric field is the sum of the two fields and can be written as 

E,(t)=£,(t)+ E(t) = Ecos(@t) + Ecos(at+¢). E,(t)=2Ecos(¢/2)cos(at + g/2). 

(b) £,,(¢) = Acos(at + ¢/2), so comparing with part (a), we see that the amplitude of the wave (which is always 


positive) must be A = 2E |cos(¢/2)|. 


(c) To have an interference maximum, t- 2m . So, for example, using m = 1, the relative phases are 


E,: 0; E: 9 =47; E,: £- 27 , and all waves are in phase. 


p 


(d) To have an interference minimum, oe a(n + >} So, for example using m =0, relative phases are 


E,: 0, E: =; E,: $/2 = 2/2, and the resulting wave is out of phase by a quarter of a cycle from both of the 


original waves. 
(e) The instantaneous magnitude of the Poynting vector is 


| S |= ECE? (t) = €,c(4E” cos’($/2)cos’(at + ¢/2)). 


Sow 


: 1 
For a time average, cos’ (œt + ¢/2) = 3 so = 2¢6,cE’ cos’(¢/2). 


EVALUATE: The result of part (e) shows that the intensity at a point depends on the phase difference ¢ at that 


point for the waves from each source. 
35.49. IDENTIFY: Follow the steps specified in the problem. 
SETUP: The definition of hyperbola is the locus of points such that the difference between P to S, and P to S, is 


a constant. 

EXECUTE: (a) Ar=m/. 1,=.Jx’ +(y—dy and r, = Jx°+(yt+d). 

Ar =x? +(y+d} -4x +(y—dy =må. 

(b) For a given mand 2, Ar isa constant and we get a hyperbola. Or, in the case of all m for a given 2, a family 


of hyperbolas. 
© VL+ +d} - x? +(y—-dy =(m4t DA. 
EVALUATE: The hyperbolas approach straight lines at large distances from the source. 
35.50. IDENTIFY: Follow the derivation of Eq.(35.7), but with different amplitudes for the two waves. 
SETUP: cos(z-—¢) =-cos¢ 


EXECUTE: (a) E? = E? + E, —2E,E,cos(a—$) = E° +4E° + 4E’ cosg = 5E’ + 4E’ cos 


1 5 4 9 5 4 
I= FECE, =e (36°) (teeosa g=0>1, = ack. Therefore, 1=1,| 2+ Zc0s6] 


‘ sea 1 ; 
(b) The graph is shown in Figure 35.50. Zain = 9 which occurs when ¢ = nz(n odd). 


EVALUATE: The maxima and minima occur at the same points on the screen as when the two sources have the 
same amplitude, but when the amplitudes are different the intensity is no longer zero at the minima. 
Kollo 


1.0; 


1 
=15 —10 -5 0 5 10 15 
Figure 35.50 
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35.51. 


35.52. 


35.53. 


34.54. 


35.55. 


IDENTIFY and SET UP: Consider interference between rays reflected from the upper and lower surfaces of the 

film to relate the thickness of the film to the wavelengths for which there is destructive interference. The thermal 

expansion of the film changes the thickness of the film when the temperature changes. 

EXECUTE: For this film on this glass, there is anet 2/2 phase change due to reflection and the condition for 

destructive interference is 2¢=m(A/n), where n =1.750. 

Smallest nonzero thickness is given by t = 4/2n. 

At 20.0°C, t, = (582.4 nm) /[(2)(1.750)] =166.4 nm. 

At 170°C, t = (588.5 nm)/[(2)(1.750)] = 168.1 nm. 

t=t,(1+@AT) so 

a =(t-t)) (AT) = (1.7 nm)/[(166.4 nm)(150°C)] = 6.8 x10°(C°) * 

EVALUATE: When the film is heated its thickness increases, and it takes a larger wavelength in the film to equal 

2t.The value we calculated for œ is the same order of magnitude as those given in Table 17.1. 

IDENTIFY and SET Up: At the m=3 bright fringe for the red light there must be destructive interference at this 

same @ for the other wavelength. 

EXECUTE: For constructive interference: dsin@ = mA > d sin 0 =3(700 nm) =2100nm. For destructive 

dsin@ _ 2100 nm 
=—— a 


m+} m+ 


. ; 1 ; 
interference: d sin 0 = [m + IJa >A= . So the possible wavelengths are 
2 


2 

A, = 600 nm, for m =3, and A, = 467 nm, for m = 4. 

EVALUATE: Both d and @ drop out of the calculation since their combination is just the path difference, which is 
the same for both types of light. 


IDENTIFY: Apply J=J, cos 26 sin o), 


SETUP: Z=]1,/2when fd. sin ĝ is Z rad, rad,.... 
A 4 4 


EXECUTE: First we need to find the angles at which the intensity drops by one-half from the value of the m" 


bright fringe. J = Icos? LLY -b > ae sin ~ eae =(m+1/2) = 
A 2 A A 2 


m=0:0=6, ee OT =e A0, n 
4d 4d 2d 
EVALUATE: There is no dependence on the m-value of the fringe, so all fringes at small angles have the same 
half-width. 
IDENTIFY: Consider the phase difference produced by the path difference and by the reflections. 
SETUP: There is just one half-cycle phase change upon reflection, so for constructive interference 
2t = (m, +4)4 =(m, + 5)A,, where these wavelengths are in the glass. The two different wavelengths differ by just 


one m-value, m, =m, —1. 


1 1 
EXECUTE: (m +h = (m -J+ =>m(4-4)= Ath >m = oui 
2 2 2 2(A, A) 
__477.0nm+540.60m _ ETE (s l 1 é OPE 17(477.0 nm) 
2(540.6 nm — 477.0 nm) n 4(1.52) 
EVALUATE: Now that we have ¢ we can calculate all the other wavelengths for which there is constructive 
interference. 
IDENTIFY: Consider the phase difference due to the path difference and due to the reflection of one ray from the 
glass surface. 
(a) SETUP: Consider Figure 35.55 


3/2 3/2 


= 1334 nm. 


1 


Ss D 
path 
difference = 
fh+x°/4 2yh +x7/4-x= 
Ah? +x -x 


4-1 80° phase change 


glass 


Figure 35.55 
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35.56. 


35.57. 


35.58. 


35.59. 


Since there is a 180° phase change for the reflected ray, the condition for constructive interference is path 


difference = [m + sa and the condition for destructive interference is path difference = må. 


Ap 1 v2 
(b) EXECUTE: Constructive interference: (r + sa =V4h? +x? -x and A= — Longest / is for 
m+— 
2 


m=0 and then A= 2( Van +x -x) z 2( [400.24 m)? + (0.14 m)? -0.14 m) =0.72m 


EVALUATE: For 2=0.72 m the path difference is 2/2. 
IDENTIFY: Require constructive interference for the reflection from the top and bottom surfaces of each 
cytoplasm layer and each guanine layer. 

SET Up: At the water (or cytoplasm) to guanine interface, there is a half-cycle phase shift for the reflected light, 
but there is not one at the guanine to cytoplasm interface. Therefore there will always be one half-cycle phase 
difference between two neighboring reflected beams, just due to the reflections. 

EXECUTE: For the guanine layers: 

ly A me 2t Ny i 2(74 nm) (1.80) 5 266 nm 


Xn ~ (m+4) (m+4) (m+4) 


=> 1 =533 nm (m =0). 


For the cytoplasm layers: 
2t, -(m | A Bos 2t.n, 2 2(100 nm) (1.333) K 267 nm 
n (m+>) (m+>) (m+>) 


c 


=> A =533 nm (m =0). 


(b) By having many layers the reflection is strengthened, because at each interface some more of the transmitted 
light gets reflected back, increasing the total percentage reflected. 

(c) At different angles, the path length in the layers changes (always to a larger value than the normal incidence 
case). If the path length changes, then so do the wavelengths that will interfere constructively upon reflection. 
EVALUATE: The thickness of the guanine and cytoplasm layers are inversely proportional to their refractive 


wer 100 1.80 
indices | — = —— 
74 1.333 


IDENTIFY: The slits will produce an interference pattern, but in the liquid, the wavelength of the light will be less 
than it was in air. 
SETUP: The first bright fringe occurs when d sin 0 = A/n. 
EXECUTE: In air: dsin18.0° = 4. In the liquid: dsin12.6° = A/n. Dividing the equations gives 

n = (sin 18.0°)/(sin 12.6°) = 1.42 
EVALUATE: It was not necessary to know the spacing of the slits, since it was the same in both air and the liquid. 
IDENTIFY: Consider light reflected at the top and bottom surfaces of the film. Wavelengths that are predominant 
in the transmitted light are those for which there is destructive interference in the reflected light. 
SETUP: For the waves reflected at the top surface of the oil film there is a half-cycle reflection phase shift. For 
the waves reflected at the bottom surface of the oil film there is no reflection phase shift. The condition for 
constructive interference is 2t=(m++)A. The condition for destructive interference is 2t = m4 . The range of 


, So both kinds of layers produce constructive interference for the same wavelength in air. 


visible wavelengths is approximately 400 nm to 700 nm. In the oil film, 2 = — 
n 
EXECUTE: (a) 2¢=(m+4)4=(m4 14 . gee 2tn Z 2(380 nm)(1.45) _ 1102 nm 
n m+5 m+4 mi 


m=0: 4=2200nm. m=1: 4=735nm. m=2: 4,=44l nm. m=3: 4 =315 nm. The visible 
wavelength for which there is constructive interference in the reflected light is 441 nm. 
2tn 1102 nm 


m m 


m=1: 4=1102 nm. m=2: 4,)=551 nm. m=3: A, =367 nm. 


0 


(b) TE eae A, = 
n 


The visible wavelength for which there is destructive interference in the reflected light is 551 nm. This is the 
visible wavelength predominant in the transmitted light. 

EVALUATE: Ata particular wavelength the sum of the intensities of the reflected and transmitted light equals the 
intensity of the incident light. 

(a) IDENTIFY: The wavelength in the glass is decreased by a factor of 1/n, so for light through the upper slit a 
shorter path is needed to produce the same phase at the screen. Therefore, the interference pattern is shifted 
downward on the screen. 

(b) SETUP: Consider the total phase difference produced by the path length difference and also by the different 
wavelength in the glass. 
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35.60. 


35.61. 


35.62. 


EXECUTE: At a point on the screen located by the angle @ the difference in path length is dsin@. This 


2a 


introduces a phase difference of ¢ -( Je sin@), where 4 is the wavelength of the light in air or vacuum. 


0 


In the thickness L of glass the number of wavelengths is Z = a A corresponding length L of the path of the ray 


through the lower slit, in air, contains L/ A, wavelengths. The phase difference this introduces is 


L L ; : 
o= 24{ = Aq and ¢=22(n—-1)(L/A,). The total phase difference is the sum of these two, 


(Za sin ð) +22(n—1\(L/A,) =(27/A,)(dsin@ +L(n-—1)). Eq.(35.10) then gives 


0 


I =1,cos’ Bg sind + L(n -»)} 


(c) Maxima means cos¢@/2=+1 and ¢/2=mz,m=0, +1, +2,... (7/A,)\(dsind+L(n-1))=maz 
dsin + L(n-1) = m4, 
mA, —L(n-1) 

d 


EVALUATE: When L—0 or n—!1 the effect of the plate goes away and the maxima are located by Eq.(35.4). 
IDENTIFY: Dark fringes occur because the path difference is one-half of a wavelength. 


sin@ = 


SETUP: At the first dark fringe, dsin@ = 4/2. The intensity at any angle ĝis given by I = 1, cos? (= 7 2) j 
(a) At the first dark fringe, we have 
d sin 0 = 4/2 
d/A = 2/(2 sin 15.0°) = 1.93 


(b) 1=yoos'| ASR?) ia > cos( 200) 
A 10 A V10 


1 
=arccos| —= | = 71.57° = 1.249 rad 
(aa) 
Using the result from part (a), that d/A = 1.93, we have 2(1.93)sin 0 = 1.249. sin 0= 0.2060 and 

0= +11.9° 
EVALUATE: Since the first dark fringes occur at +15.0°, it is reasonable that at ~12° the intensity is reduced to 
only 1/10 of its maximum central value. 
IDENTIFY: There are two effects to be considered: first, the expansion of the rod, and second, the change in the 
rod’s refractive index. 


adsin@ 


SETUP: A= fo and An =n,(2.50x10° (C°)')AT . AL = L (5.00x10% (C°)')AT. 
n 
EXECUTE: The extra length of rod replaces a little of the air so that the change in the number of wavelengths due 
2N glass AL 2n,;,,AL 2A glass en DLAT 
= a 


to this is given by: AN, = 
O g y 1 Ay Ay Ay 
-6 [no o 
Ay, = 2048 -10.030 my(5.00 x10 /C°X5.00 C9) _ 1 5 
5.89x10 m 


The change in the number of wavelengths due to the change in refractive index of the rod is: 
_ ZAN aslo _ 2(2.50x 10% /C°)(5.00 C°/min)(1.00 min)(0.0300 m) 
A 5.89x107m 

So, the total change in the number of wavelengths as the rod expands is AN =12.73 +1.22 =14.0 fringes/minute. 
EVALUATE: Both effects increase the number of wavelengths along the length of the rod. Both AZ and 

AN are Very small and the two effects can be considered separately. 


=12.73. 


2 


glass 


IDENTIFY: Apply Snell's law to the refraction at the two surfaces of the prism. S, and S, serve as coherent 


A PPNI: RA s : 
sources so the fringe spacing is Ay = —, where d is the distance between S, and S, . 
d 
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SETUP: For small angles, sin@ ~ 0 , with 6 expressed in radians. 

EXECUTE: (a) Since we can approximate the angles of incidence on the prism as being small, Snell’s Law tells 
us that an incident angle of 8 on the flat side of the prism enters the prism at an angle of 0/n, where n is the 
index of refraction of the prism. Similarly on leaving the prism, the in-going angle is @/n—A from the normal, 
and the outgoing angle, relative to the prism, is n(A/n— A). So the beam leaving the prism is at an angle of 


0 =n(6/n—A)+A from the optical axis. So 6- 6' =(n—1)A. At the plane of the source S,, we can calculate the 
height of one image above the source: £ = tan(O-6')a ~ (0 — 0')a =(n-1)Aa > d =2aA(n-1). 


(b) To find the spacing of fringes on a screen, we use 
-7 
pat -RÀ = (2.00 m + 0.200 Dora m) =157x10° m. 
d  2aA(n—-1) 2(0.200 m) (3.50 x10 rad) (1.50 —1.00) 
EVALUATE: The fringe spacing is proportional to the wavelength of the light. The biprism serves as an 
alternative to two closely spaced narrow slits. 
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36.1. 


36.2. 


36.3. 


36.4. 


36.5. 


IDENTIFY: Use y=xtan@ to calculate the angular position @ of the first minimum. The minima are located by 
Eq.(36.2): sind = bites m=tl, +2,... First minimum means m=1 and sin, =A/a and A =asin@,. Use this 
a 


equation to calculate A. 
SET Up: The central maximum is sketched in Figure 36.1. 
EXECUTE: y = xtan@, 


tan 0, == 
x 


1.35x107? m 
2.00 m 
6, =0.675x10° rad 


=0.675x10° 


Figure 36.1 


A=asin@, =(0.750x10~ m)sin(0.675x10~ rad) = 506 nm 
EVALUATE:  @, is small so the approximation used to obtain Eq.(36.3) is valid and this equation could have been 


used. 


IDENTIFY: The angle is small, so y, = ge $ 
a 
SETUP: y, =10.2 mm 
xÀ 5 xA _ (0.600 m)(5.46x107” m) 
a Yi 10.2x10° m 


EVALUATE: The diffraction pattern is observed at a distance of 60.0 cm from the slit. 


EXECUTE: y,= =3.21x10° m. 


IDENTIFY: The dark fringes are located at angles 0 that satisfy sin 0 = Wie m=Hl, +2,.... 
a 


SET Up: The largest value of |sin 6| is 1.00. 


a _ 0.0666x107 m 


A 585x10° m 
can have is 113. m=+1, +2, ..., +113 gives 226 dark fringes. 


585x10° m 
0.0666x10° m 


EVALUATE: When the slit width a is decreased, there are fewer dark fringes. When a < / there are no dark 
fringes and the central maximum completely fills the screen. 


EXECUTE: (a) Solve for m that corresponds to sinĝ =1: m= 


113.8. The largest value m 


(b) For m=+113, snot ]-s09026 and @=+83.0°. 


mÀ . : 
IDENTIFY and SETUP: 2/a is very small, so the approximate expression y,, = R—— is accurate. The distance 
a 


between the two dark fringes on either side of the central maximum is 2y, . 

_ AR _ (633x10” m)(3.50 m) 
a 0.750107? m 

EVALUATE: When a is decreased, the width 2y, of the central maximum increases. 


EXECUTE: y, 


=2.95x10° m=2.95 mm. 2y,=5.90 mm. 


ss ; mA 
IDENTIFY: The minima are located by sin@ = — 
a 


SETUP: a=12.0cm. x=40.0 cm. 
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36.6. 


36.7. 


36.8. 


36.9. 


EXECUTE: The angle to the first minimum is @ = arcsin AY arcsin TUUN S 48.6°. 
a 12.00 cm 


So the distance from the central maximum to the first minimum is just y, = x tan 0 = 
(40.0 cm) tan(48.6°) = +45.4 cm. 


EVALUATE: 24/a is greater than 1, so only the m= 1 minimum is seen. 
IDENTIFY: The angle that locates the first diffraction minimum on one side of the central maximum is given by 
sinĝ = uA The time between crests is the period T. f == and A or : 
a 
SET Up: The time between crests is the period, so T=1.0h. 
_1 1 v _ 800 km/h 


EXECUTE: (a) f=—=——=10h". 4=—=———=800 km. 
T 10 f. 10h 


800km 
4500 km 
Australia-Antarctica: sin@ = ROLL and 8 =12.5°. 

3700 km 
EVALUATE: Diffraction effects are observed when the wavelength is about the same order of magnitude as the 
dimensions of the opening through which the wave passes. 
IDENTIFY: We can model the hole in the concrete barrier as a single slit that will produce a single-slit diffraction 
pattern of the water waves on the shore. 
SETUP: For single-slit diffraction, the angles at which destructive interference occurs are given by sin6,, = mA/a, 
where m = 1, 2, 3, .... 
EXECUTE: (a) The frequency of the water waves is f= 75.0 min! =1.25 s™' =1.25 Hz, so their wavelength is A = v/f= 
(15.0 cm/s)/(1.25 Hz) = 12.0 cm. 
At the first point for which destructive interference occurs, we have 
tan 6 = (0.613 m)/(3.20 m) > @= 10.84°. a sin 0= A and 

a = Msin 6= (12.0 cm)/(sin 10.84°) = 63.8 cm. 

(b) First find the angles at which destructive interference occurs. 


sin @ = 2A/a = 2(12.0 cm)/(63.8 cm) > @ = +22.1° 
sin 0; = 3A/a = 3(12.0 cm)/(63.8 cm) > 6 = +34.3° 
sin & = 4A/a = 4(12.0 cm)/(63.8 cm) > @ = +48.8° 
sin 6; = 5A/a = 5(12.0 cm)/(63.8 cm) > 6; = +70.1° 


EVALUATE: These are large angles, so we cannot use the approximation that 6,, = mA/a. 


(b) Africa-Antarctica: sin@ = and @=10.2°. 


IDENTIFY: The minima are located by sin@ = me . For part (b) apply Eq.(36.7). 
a 


SET Up: For the first minimum, m=1. The intensity at 0=Ois J). 
mA À 


a a 


EXECUTE: (a) sing = "4 = sin90,0°=1 . Thus a=A=580 nm=5.80X10~ mm. 
a 


(b) According to Eq.(36.7), 


I _ {sin[za(sin9)/A] a sin[z(sinz/4)] E 
I, | za(sind)/A | | z(sinz/4) a, 


0 


i /2)(sinz/4 
EVALUATE: If a=//2, for example, then at 0 = 45°, = {ae MSAA) 


I (7/2)(sin 7/4) 


0 


2 
1l =0.81. As a/Adecreases, 


the screen becomes more uniformly illuminated. 
IDENTIFY and SETUP: v= fA gives A. The person hears no sound at angles corresponding to diffraction 


minima. The diffraction minima are located by sin@=mA/a, m=+1, +2,... Solve for 8. 

EXECUTE: A=v/ f =(344 m/s)/(1250 Hz) = 0.2752 m; a=1.00 m. m=+1, 0 =+16.0°;, m= +2, 

0 = +33.4°; m = +3, 0 = +55.6°; no solution for larger m 

EVALUATE: A/a=0.28 so for the large wavelength sound waves diffraction by the doorway is a large effect. 
Diffraction would not be observable for visible light because its wavelength is much smaller and 1/a<1. 
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36.10. IDENTIFY: Compare ŒE, to the expression E, = E pax sin(kx— æt) and determine k, and from that calculate 7. 


f =c/42. The dark bands are located by sin@ = mA, 


a 
SETUP: c=3.00x10° m/s. The first dark band corresponds to m=1. 
: 2m 27m 2m 4 
EXECUTE: (a) E= E „sin(kx- øt). k= A=—= — =5.24x10m. 
: A k 1.20x10’m™ 
8 
Fo ae PR LaBare EN a Te 


A 5.24x107"m 
_ A _ 5.24x107 m 
sin@ sin 28.6° 


(c) asin@ =mA (m=, 2, 3, ...). sind, =424 = 1252410 m and 6, = +74". 
P x m 


(b) asind=A. =1.09x10° m. 


EVALUATE: For m=3, mA is greater than 1 so only the first and second dark bands appear. 
a 


36.11. IDENTIFY and SETUP: sin = 4/a locates the first minimum. y= xtanð. 
EXECUTE: tan = y/x = (36.5 cm)/(40.0 cm) and 6 = 42.38°. 
a = A/sin@ = (620x10° m)/(sin 42.38°) = 0.920 um 
EVALUATE: 6@=0.74 rad and sin@ =0.67, so the approximation sin@ =~ @ would not be accurate. 


36.12. IDENTIFY: The angle is small, so y, = th applies. 
a 


SET Up: The width of the central maximum is 2y,, so y, =3.00 mm. 


-7 
EXECUTE: (a) y,= xa fs xA _ (2.50 m)(5.00x10'm) 
a 


=4.17x107 m. 


yı 3.00x10°m 
-5 
Mai a Ca O O 710 ned; 
yi 3.00x10™ m 
-10 
(© a2 = 250.095.0010" M L 4 17x107 m, 
yı 3.00x10~ m 


EVALUATE: The ratio a// stays constant, so a is smaller when / is smaller. 

36.13. IDENTIFY: Calculate the angular positions of the minima and use y= xtan@ to calculate the distance on the 
screen between them. 
(a) SET Up: The central bright fringe is shown in Figure 36. 13a. 

EXECUTE: The first 

minimum is located by 


sin 8, = ts = 
a 
633x10° m 


0.350x107° m 
0, =1.809x10° rad 


=1.809x10" 


Figure 36.13a 
y, = xtan 0, = (3.00 m)tan(1.809 x 10° rad) =5.427x10° m 
w= 2y, =2(5.427x107 m) =1.09x107 m=10.9 mm 
(b) SET Up: The first bright fringe on one side of the central maximum is shown in Figure 36.13b. 
EXECUTE: w=y,-), 


y, =5.427x10™ m (part (a)) 
sin8, = 24 _ 3618x107 
a 


0, = 3.61810 rad 
y, = xtan0, =1.085x107 m 


e x ——___> 
Figure 36.13b 

w= y, — y, =1.085x10° m-5.427x10° m=5.4 mm 

EVALUATE: The central bright fringe is twice as wide as the other bright fringes. 
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, 2 
36.14. IDENTIFY: I=% AA . B= ze asin@. 
812 A 
SET Up: The angle @ is small, so sin@ = tan@ = y/x. 
—4 
Exco: f= 27sing «2722 -_22G 00x10) > 500 y 
A A x (6.2010 m)(3.00 m) 
1520 m“)(L. 10° 
G20 ee = EOIN 29 760: 
2 2 
s 2 : 2 
aia sin( 8/2) -1 (0) = 0.8221, 
B/2 0.760 
-1 =3 
(Stoo? Se PO 556 
2 2 
* 2 ‘ 2 
sral sin( 8/2) -n ( | 204i its 
B/2 2.28 
=j -3 
yaso ene SOD) ag 
2 2 
s 2 . 2 
sga UAA S, í ee = 0.0259],. 
B/2 3.80 
-7 
EVALUATE: The first minimum occurs at y, = ae ae) cae a 4.1 mm . The distances in parts (a) 
4.50x10~ m 
and (b) are within the central maximum. y=5.00 mm is within the first secondary maximum. 
36.15. (a) IDENTIFY: Use Eq.(36.2) with m=1 to locate the angular position of the first minimum and then use 


y=xtan@ to find its distance from the center of the screen. 
SET Up: The diffraction pattern is sketched in Figure 36.15. 


sin@, =—= 
a 
{i -9 
e se E on 
0.240x10° m 


0, =2.25x10° rad 


1{— x — 
Figure 36.15 
y, = xtan 0, = (3.00 m) tan(2.25x10” rad) = 6.75x10° m=6.75 mm 


(b) IDENTIFY and SET UP: Use Eqs.(36.5) and (36.6) to calculate the intensity at this point. 
EXECUTE: Midway between the center of the central maximum and the first minimum implies 


= 5675 mm) =3.375x10° m. 
-3 
paa MIO? mn 


x 3.00 m 
The phase angle 2 at this point on the screen is 


=1.125x10°; 6=1.125x10° rad 


B= (Z asno = —— Z —_@ 240x107 m)sin(1.125x10° rad) =z. 
A 540x10” m 


sin 8/2 
p12 


sai?) 


2 
=(6.00x10° win? 
mi2 


Then [= al 


I= (2 \sooxio“ W/m?) = 2.43x10° W/m’. 
T 


EVALUATE: The intensity at this point midway between the center of the central maximum and the first 
minimum is less than half the maximum intensity. Compare this result to the corresponding one for the two-slit 
pattern, Exercise 35.23. 
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36.16. 


36.17. 


36.18. 


IDENTIFY: In the single-slit diffraction pattern, the intensity is a maximum at the center and zero at the dark 
spots. At other points, it depends on the angle at which one is observing the light. 
SET Up: Dark fringes occur when sin 6,, = mA/a, where m = 1, 2, 3, ..., and the intensity is given by 


$ 2 
i sin 8/2 Shee pipe ame: 
B12 A 
EXECUTE: (a) At the maximum possible angle, 0 = 90°, so 
M max = (asin90°)/A = (0.0250 mm)/(632.8 nm) = 39.5 


Since m must be an integer and sin @ must be < 1, Mmax = 39. The total number of dark fringes is 39 on each side of 
the central maximum for a total of 78. 
(b) The farthest dark fringe is for m = 39, giving 


sin 6 = (39)(632.8 nm)/(0.0250 mm) => A = +80.8° 


(c) The next closer dark fringe occurs at sin@g = (38)(632.8 nm)/(0.0250 mm) > 63, = 74.1°. 
The angle midway these two extreme fringes is (80.8° + 74.1°)/2 = 77.45°, and the intensity at this angle is J = 


. 2 . i É 
; sin 8/2 seepe masin = z(0.0250 mm) sin(77.45°) 
B12 A 632.8nm 


gives I =(8.50 win?) Sot 


= 121.15 rad, which 


121.15 rad 


EVALUATE: At the angle in part (c), the intensity is so low that the light would be barely perceptible. 
IDENTIFY and SET Up: Use Eq.(36.6) to calculate 1 and use Eq.(36.5) to calculate 7. 0 =3.25°, 


B =56.0 rad, a =0.105x10° m. 


2 
| = 5.55 x 10“ W/m? 


(a) EXECUTE: p= (=a sin@ so 


_ 2nmasin@ _ 27(0.105x 10° m)sin3.25° 

7 B 56.0 rad 

sin 8/2 
B12 

EVALUATE: At the first minimum J = 27 rad and at the point considered in the problem #=17.87 rad, so the 

point is well outside the central maximum. Since 2 is close to ma with m=18, this point is near one of the 


A = 668 nm 


(b) I= i ) =I, - Jenga =h eo gles rad)]? =9.36x10°J, 


minima. The intensity here is much less than J). 


IDENTIFY: Use f= A sind to calculate 2 . 


SET Up: The total intensity is given by drawing an arc of a circle that has length E, and finding the length of the 
chord which connects the starting and ending points of the curve. 


E 2 
zal mz. From Figure 36.18a, 7 = E, > E, =—E,. 
A 2a 2 ” m 


EXECUTE: (a) B= = sin ĝ = 


2 
The intensity is J = (=) l= ots =0.405/,. This agrees with Eq.(36.5). 
a m 
2ma . 2ra A : as ‘ : ; ; ; 
(b) B= 2 sin ĝ = =27m. From Figure 36.18b, it is clear that the total amplitude is zero, as is the intensity. 
a 


This also agrees with Eq.(36.5). 


E 2 
Pee 3x. From Figure 36.18c, 37— = E, > E, = —E,. The intensity is 
A 2a 2 ° 3m 


(c) B= = sin@ 


2 
[= (=) h= Sh This agrees with Eq.(36.5). 
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EVALUATE: In part (a) the point is midway between the center of the central maximum and the first minimum. 
In part (b) the point is at the first maximum and in (c) the point is approximately at the location of the first 
secondary maximum. The phasor diagrams help illustrate the rapid decrease in intensity at successive maxima. 


(a) (b) © 
Figure 36.18 


36.19. IDENTIFY: The space between the skyscrapers behaves like a single slit and diffracts the radio waves. 


SET Up: Cancellation of the waves occurs when a sin 0= mA, m = 1, 2, 3, ..., and the intensity of the waves is 
‘ 2 . 

given by J, ue. , where 8/2 = aoe : 
B12 A 


EXECUTE: (a) First find the wavelength of the waves: 
A = cf = (3.00 x 10° m/s)/(88.9 MHz) = 3.375 m 

For no signal, a sin 0= mA. 

m = 1: sin 8, = (1)(3.375 m)/(15.0 m) > 8, = +13.0° 

m = 2: sin @, = (2)(3.375 m)/(15.0 m) > @,= +26.7° 

m = 3: sin 0; = (3)(3.375 m)/(15.0 m) > 6 = +42.4° 

m = 4: sin @ = (4)(3.375 m)/(15.0 m) > @,= +64.1° 


; 2 j o 
(b) J, sin 3/2 arene piste? AUSOO) -1.217 rad 
812 A 3.375m 
s pa 
I= (350w?) SCY =| = 2.08 W/m? 
1.217 rad 


EVALUATE: The wavelength of the radio waves is very long compared to that of visible light, but it is still 
considerably shorter than the distance between the buildings. 

36.20. IDENTIFY: The net intensity is the product of the factor due to single-slit diffraction and the factor due to double 
slit interference. 


. 2 
SET UP: The double-slit factor is I, = 160s e) and the single-slit factor is [,, = (522) : 
EXECUTE: (a) d sinĝ= mA > sinf = m/d. 
sinĝ, = A/d, sinb, = 24/d,  sin@; = 34/d, sin@, = 4V/d 
(b) At the interference bright fringes, cos’ #/2 = 1 and 8/2 = a = a sng ; 
At 6,, sin 0, = A/d, so B/2= ZAINA d) =7/3 . The intensity is therefore 
inB/2) ingz/3 Ý 
l= neo) aa 10( 2 = 0.684 Ip 
2 812 m/3 
At &, sin Q =2A/d, so B/2= mee = 27/3. Using the same procedure as for 6, we have J, = 
sin27z/3 Ý 

LO ———— | =0.171 1 

of f 2713 ) j 


At &, we get 8/2=7, which gives /; = 0 since sin 7 = 0. 
sin 47/3 
4713 


(c) Since d = 3a, every third interference maximum is missing. 
(d) In Figure 36.12c in the textbook, every fourth interference maximum at the sides is missing because d = 4a. 


2 
At @,, sin @, = 44/d, so 8/2 =42/3, which gives I, = al ) = 0.0427 h 
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36.21. 


36.22. 


36.23. 


36.24. 


EVALUATE: The result in this problem is different from that in Figure 36.12c because in this case d = 3a, so 
every third interference maximum at the sides is missing. Also the “envelope” of the intensity function decreases 
more rapidly here than in Figure 36.12c because the first diffraction minimum is reached sooner, and the decrease 
in intensity from one interference maximum to the next is faster for a = d/3 than for a = d/4. 

(a) IDENTIFY and SET Up: The interference fringes (maxima) are located by dsin@ = mA, with 


2 
i 2 2 
m=0, +1, £2, .... The intensity Jin the diffraction pattern is given by J =, (52812) , with B= [2 Jasin 0. 


We want m=+3 in the first equation to give @ that makes J =0 in the second equation. 
2 
EXECUTE: dsinO=md gives B= 2) =27Ga/d). 


sin 8/2 
B12 
(b) IDENTIFY and SET UP: Fringes m=0, +1, +2 are within the central diffraction maximum and the m=+3 

fringes coincide with the first diffraction minimum. Find the value of m for the fringes that coincide with the 


second diffraction minimum. 
EXECUTE: Second minimum implies J = 4z. 


2a\ . , (20) MANL x 
B (= Jasino z Jal E ) 2zm(ald)=27m(m1/3) 


Then 8 =4m says 4m =2m(m/3) and m=6. Therefore the m=+4 and m= +5 fringes are contained within the 


I =0 says =0 so B=2z and then 27 = 27(3a/d) and (d/a)=3. 


first diffraction maximum on one side of the central maximum; two fringes. 

EVALUATE: The central maximum is twice as wide as the other maxima so it contains more fringes. 
IDENTIFY and SET Up: Use Figure 36.14b in the textbook. There is totally destructive interference between slits 
whose phasors are in opposite directions. 

EXECUTE: By examining the diagram, we see that every fourth slit cancels each other. 

EVALUATE: The total electric field is zero so the phasor diagram corresponds to a point of zero intensity. The 
first two maxima are at ø =0 and ¢=7, so this point is not midway between two maxima. 

(a) IDENTIFY and SET UP: If the slits are very narrow then the central maximum of the diffraction pattern for 
each slit completely fills the screen and the intensity distribution is given solely by the two-slit interference. The 
maxima are given by 

dsind=mA so sin@=mA/d. Solve for 6. 


A 580x10° m 


=— =1.094x10°; @=0.0627° 
d 0.530107 m 


EXECUTE: lst order maximum: m=1, so sin = 


2nd order maximum: m= 2, so sing = "4 = 2.18810" 0 =0.125° 


sin 8/2 
p12 


2 
(b) IDENTIFY and SET UP: The intensity is given by Eq.(36.12): I =I, cos (ol) . Calculate ø and 


2 ateach @ from part (a). 


EXECUTE: @= (= Jino = (= \ r2) =27mæm, so cos?’ (ġ/2)=cos?’(mT)=1 


(Since the angular positions in part (a) correspond to interference maxima.) 


p= (74 ino =(284)( "4 -zamara = maa O20 m= (3.794 rad) 


A 0.530 mm 
. 2 
Ist order maximum: m=1, so J =/,(1) ia ead = 0.249], 
(3.794/2) rad 
. 2 
2nd order maximum: m=2, so I= 100 = =0.0256/, 
3.794 rad 


EVALUATE: The first diffraction minimum is at an angle 0 given by sinO=/A/a so 9=0.104°. The first order 
fringe is within the central maximum and the second order fringe is inside the first diffraction maximum on one 
side of the central maximum. The intensity here at this second fringe is much less than J). 

IDENTIFY: A double-slit bright fringe is missing when it occurs at the same angle as a double-slit dark fringe. 
SET Up: Single-slit diffraction dark fringes occur when a sin 9 = mA, and double-slit interference bright fringes 
occur when d sin 9@= m A. 
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36.25. 


36.26. 


36.27. 


EXECUTE: (a) The angles are the same for cancellation, so dividing the equations gives 


, 


dla= w Im => m Im=71 => w =7m 


When m= 1, mw =7; when m=2, m = 14, and so forth, so every 7% bright fringe is missing from the double-slit 
interference pattern. 

EVALUATE: (b) The result is independent of the wavelength, so every 7” fringe will be cancelled for all 
wavelengths. But the bright interference fringes occur when d sin 9 = mA, so the location of the cancelled fringes 
does depend on the wavelength. 

IDENTIFY and SET Up: The phasor diagrams are similar to those in Fig.36.14. An interference minimum occurs 
when the phasors add to zero. 

EXECUTE: (a) The phasor diagram is given in Figure 36.25a 


3 
‘| a 2 d=n7/2 
1 
Figure 36.25a 


There is destructive interference between the light through slits 1 and 3 and between 2 and 4. 
(b) The phasor diagram is given in Figure 36.25b. 


Figure 36.25b 


There is destructive interference between the light through slits 1 and 2 and between 3 and 4. 
(c) The phasor diagram is given in Figure 36.25c. 


= $ = 3n/2 


Figure 36.25c 


There is destructive interference between light through slits 1 and 3 and between 2 and 4. 
EVALUATE: Maxima occur when ¢=0, 27, 47, etc. Our diagrams show that there are three minima between 
the maxima at ø =0 and @=27. This agrees with the general result that for N slits there are N —1 minima 
between each pair of principal maxima. 
IDENTIFY: A double-slit bright fringe is missing when it occurs at the same angle as a double-slit dark fringe. 
SET Up:  Single-slit diffraction dark fringes occur when a sin 0 = mA, and double-slit interference bright fringes 
occur when d sin = m À. 
EXECUTE: (a) The angle at which the first bright fringe occurs is given by 
tan 6, = (1.53 mm)/(2500 mm) => 46, = 0.03507°. d sin 0, = A and 

d = A(sin@,) = (632.8 nm)/sin(0.03507°) = 0.00103 m = 1.03 mm 
(b) The 7” double-slit interference bright fringe is just cancelled by the 1“ diffraction dark fringe, so sin 6j = A/a 
and sin@nterr = 7d 
The angles are equal, so A/a = 7V/d — a = d/7 = (1.03 mm)/7 = 0.148 mm. 
EVALUATE: We can generalize that if d = na, where n is a positive integer, then every n” double-slit bright fringe 
will be missing in the pattern. 


ma beat : 
4 and the two-slit interference maxima are located 


IDENTIFY: The diffraction minima are located by sin = 
a 


by sind = mA, The third bright band is missing because the first order single slit minimum occurs at the same 


angle as the third order double slit maximum. 
3 cm 
90cm 
A _ 500nm 
sin sinl.91° 
3A _ 3(500 nm) 
sinô sinl.91° 


SET Up: The pattern is sketched in Figure 36.27. tan@ = , so O=1.91°. 


EXECUTE: Single-slit dark spot: asind=/ and a= =1.50x10* nm =15.0 wm (width) 


Double-slit bright fringe: dsin@ =3A and d= = 4.50x10* nm = 45.0 wm (separation) . 
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36.28. 


36.29. 


36.30. 


36.31. 


36.32. 


EVALUATE: Note that d/a=3.0. 
Missing 


e o Kim 


/ 


a a 


Ka- 


Figure 36.27 


IDENTIFY: The maxima are located by dsinĝ = må. 
SETUP: The order corresponds to the values of m. 
EXECUTE: First-order: dsin@, =A. Fourth-order: d sin 6, = 44 . 


HAs EE E E E 384" 

dsin@, A 

EVALUATE: We did not have to solve for d. 

IDENTIFY and SET Up: The bright bands are at angles 9 given by dsin@=mdA. Solve for d and then solve for 6 
for the specified order. 

EXECUTE: (a) 0=78.4° for m=3 and 2=681 nm, so d=mA/sin@ =2.086x10~ cm 

The number of slits per cm is 1/d = 4790 slits/em 

(b) Ist order: m=1, so sin@=A/d =(681x10~ m)/(2.086x10° m) and 0 =19.1° 

2nd order: m=2, so sinO=2A/d and @=40.8° 

(c) For m=4, sin@=4//d is greater than 1.00, so there is no 4th-order bright band. 

EVALUATE: The angular position of the bright bands for a particular wavelength increases as the order increases. 
IDENTIFY: The bright spots are located by dsinĝ = må. 

SET Up: Third-order means m =3 and second-order means m=2. 


EXECUTE: =d = constant , so mA, = mh ; 
sinĝ sinð, sin, 
ane na AA erga 65.09) mm) =0.345 and @, = 20.2°. 
m, J A, 3 J\ 700 nm 


EVALUATE: The third-order line for a particular 4 occurs at a larger angle than the second-order line. In a given 
order, the line for violet light (400 nm) occurs at a smaller angle than the line for red light (700 nm). 

IDENTIFY and SET UP: Calculate d for the grating. Use Eq.(36.13) to calculate @ for the longest wavelength in 
the visible spectrum and verify that @ is small. Then use Eq.(36.3) to relate the linear separation of lines on the 
screen to the difference in wavelength. 


EXECUTE: (a) d= so cm=1.111x10° m 
900 


For A2=700 nm, A/d =6.3x10~. The first-order lines are located at sinf =A/d; sin@ is small enough for 
sin@ = @ to be an excellent approximation. 
(b) y=xA/d, where x=2.50 m. 
The distance on the screen between 1st order bright bands for two different wavelengths is Ay = x(AA)/d, so 
AA = d(Ay)/x=(1.111x10° m)(3.00x107 m)/(2.50 m) = 13.3 nm 
EVALUATE: The smaller d is (greater number of lines per cm) the smaller the AA that can be measured. 
IDENTIFY: The maxima are located by d sin = må. 

1 


SET Up: 350 slits/mm > d = ——= =2.86x10° m 
3.50x10° m 
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36.33. 


36.34. 


36.35. 


36.36. 


36.37. 


= 
EXECUTE: m=1: Ow = arcsin 4) = arcsin S202 =| =8.05°. 


2.86x10° m 


-7 
Bru =a Å )= arcsin LOO m-as. A0, =14.18° —8.05° = 6.13°. 


2.86x10° m 
-1 
m=3: Oy) = arcsin M = arcsin a =24.8°. 
d 2.86x10° m 


-7 
Oo = arcsin Aie arcsin as A Ds 47.3°. AQ, =47.3° —24.8° = 22.5°. 
d 2.86x10° m 


EVALUATE: A@is larger in third order. 
IDENTIFY: The maxima are located by d sin = må. 


SETUP: d=1.60x10°m 


. (ma 
EXECUTE: 0= aresin( ) = arcsin 
d 1.60x10° m 


m=2, 0,= 52.3° . There are no other maxima. 


E 
i Eon 1) = arcsin([0.396]m) . For m=1, 0, =23.3°. For 


EVALUATE: The reflective surface produces the same interference pattern as a grating with slit separation d. 
IDENTIFY: The maxima are located by d sin = må. 


SETUP: 5000 slits/cm => d = i a T 2.0010 m. 
5.00x10° m™ 
£ 5% : A 
EXECUTE: (a) A= dsin@ _ (2.00x10 ee 467x107 m. 
m 
-7 
(b) m=2: O= arcsin 24) = arcsin ENS m) a 27.8. 
d 2.00x10° m 


EVALUATE: Since the angles are fairly small, the second-order deviation is approximately twice the first-order 
deviation. 
IDENTIFY: The maxima are located by d sin = må. 


SETUP: 350 slits/mm > d = l = = 2.86x10° m 
3.50x10° m 


m(5.20x107 m) 

2.86x10° m 
m=1: 0=10.5°; m=2: @0=21.3°; m=3: 0 =33.1°. 
EVALUATE: The angles are not precisely proportional to m, and deviate more from being proportional as the 
angles increase. 


EXECUTE: @=arcsin ( z4) = usin = arcsin((0.182)m) . 


IDENTIFY: The resolution is described by R= 2 = Nm. Maxima are located by d sin = må . 


SETUP: For 500 slits/mm, d = (500 slits/mm)™ = (500,000 slits/m)™ . 


A 6.5645x107m 


= = 1820 slits. 
mAA  2(6.5645x107 m—6.5627x107 m) ie 


EXECUTE: (a) N= 


(b) @=sin' (=) => 60, =sin '((2)(6.5645x107 m)(500,000 m™)) = 41.0297° and 


0, = sin“ '((2)(6.5627 x10 m)(500,000 m™)) = 41.0160°. A@=0.0137° 

EVALUATE: dcos@ d@=A/N , so for 1820 slits the angular interval A@ between each of these maxima and the 
A 6.56x107 m 

Ndcos@ (1820)(2.0x10% m)cos41° 


separation of the maxima for the two wavelengths and 1820 slits is just sufficient to resolve these two wavelengths 
in second order. 

IDENTIFY: The resolving power depends on the line density and the width of the grating. 

SET UP: The resolving power is given by R= Nm = = MAA. 

EXECUTE: (a) R = Nm = (5000 lines/em)(3.50 cm)(1) = 17,500 

(b) The resolving power needed to resolve the sodium doublet is 


R = NAA = (589 nm)/(589.59 nm — 589.00 nm) = 998 


first adjacent minimum is A0 = = 0.0137. This is the same as the angular 
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so this grating can easily resolve the doublet. 
(c) (i) R = A/AA. Since R = 17,500 when m = 1, R = 2 x 17,500 = 35,000 for m = 2. Therefore 


AA = ÆR = (587.8 nm)/35,000 = 0.0168 nm 


Amin = A +AA = 587.8002 nm + 0.0168 nm = 587.8170 nm 
(ii) A, =A—AA = 587.8002 nm — 0.0168 nm = 587.7834 nm 


‘max 


EVALUATE: (iii) Therefore the range of resolvable wavelengths is 587.7834 nm < A < 587.8170 nm. 
36.38. IDENTIFY and SET UP: = =Nm 


A 587.8002 nm 587.8002 . N 3302 slits 
= = = 3302 slits. = = 2752 $ 
mAA (587.9782 nm — 587.8002 nm) 0.178 1.20cm 1.20cm cm 
EVALUATE: A smaller number of slits would be needed to resolve these two lines in higher order. 
36.39. IDENTIFY and SET UP: The maxima occur at angles 0 given by Eq.(36.16), 2d sin = må, where d is the 
spacing between adjacent atomic planes. Solve for d. 
EXECUTE: second order says m =2. 
_ mA _ 2(0.0850x10° m) 
2sin@ 2sin21.5° 
EVALUATE: Our result is similar to d calculated in Example 36.5. 
36.40. IDENTIFY: The maxima are given by 2dsinĝ = må, m=1,2,... 


SETUP: d=3.50x10°° m. 


EXECUTE: N= 


=2.32x10™ m = 0.232 nm 


EXECUTE: (a) m=1and Aa 24579 a xio mns Ai siio m=0.181 nm. This is an x ray. 
m 
-10 
(b) sin =m 2 =m Ee tle ee = m(0.2586). m=2: 0=31.1°. m=3: 0 =50.9° . The equation 
2d 2[3.50x10-” m] 


doesn't have any solutions for m>3. 
EVALUATE: In this problem A/d = 0.52. 


36.41. IDENTIFY: Rayleigh’s criterion says sin 0 = 124 


SETUP: The best resolution is 0.3 arcseconds, which is about (8.33x10%)° . 


1.224 _1.22(5.5x107 m) _ 
sin@  sin(8.33x10”°) 
EVALUATE: (b) The Keck telescopes are able to gather more light than the Hale telescope, and 
hence they can detect fainter objects. However, their larger size does not allow them to have greater 
resolution—atmospheric conditions limit the resolution. 


36.42. IDENTIFY: Apply sing =1.224.. 


EXECUTE: (a) D= 0.46 m 


SETUP: 6=(1/60)° 

_ 1.224 _1.22(5.5x107 m) _ 
sin@ sin(1/60)° 

EVALUATE: The larger the diameter the smaller the angle that can be resolved. 


EXECUTE: D 2.31x107° m=2.3 mm 


36.43. IDENTIFY: Apply sind= 124. 


SET UP: a=, where W = 28 km and h=1200 km. ĝis small, so sinô = 0. 


_ 1.224 
sin 


6 
1.2x10° m =1.88m 
2.8x10* m 


EVALUATE: D must be significantly larger than the wavelength, so a much larger diameter is needed for 
microwaves than for visible wavelengths. 


EXECUTE: D 


=1.224* =1.22(0.036 m) 
Ww 


36.44. IDENTIFY: Apply sing =1.224. 


SETUP: ĝis small, so sin@ = 6 =1.00x10™® rad. 

Dsin@ DO _ (8.00x10° m)(1.00x10°) 
T22 122:7 1.22 

EVALUATE: Å corresponds to microwaves. 


EXECUTE: A= = 0.0656 m = 6.56 cm 
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36.45. 


36.46. 


36.47. 


36.48. 


36.49. 


36.50. 


IDENTIFY and SET UP: The angular size of the first dark ring is given by sin, =1.22A/D (Eq.36.17). Calculate 


0, and then the diameter of the ring on the screen is 2(4.5 m) tan@,. 


620x10° m 
7.4x10° m 


The radius of the Airy disk (central bright spot) is r = (4.5 m) tan 0, = 0.462 m. The diameter is 
2r =0.92 m=92 cm. 
EVALUATE: //D=0.084. For this small D the central diffraction maximum is broad. 
IDENTIFY: Rayleigh’s criterion limits the angular resolution. 
SETUP:  Rayleigh’s criterion is sin 9~ O= 1.22 A/D. 
EXECUTE: (a) Using Rayleigh’s criterion 

sinO= O= 1.22 A/D = (1.22)(550 nm)/(135/4 mm) = 1.99 x 10° rad 
On the bear this angle subtends a distance x. 0 = x/R and 

x = RO = (11.5 m)(1.99 x 10° rad) = 2.29 x 10“ m = 0.23 mm 

(b) At f/22, D is 4/22 times as large as at f/4. Since ĝis proportional to 1/D, and x is proportional to 0, x is 
1/(4/22) = 22/4 times as large as it was at f/4. x = (0.229 mm)(22/4) = 1.3 mm 
EVALUATE: A wide-angle lens, such as one having a focal length of 28 mm, would have a much smaller opening 
at f/22 and hence would have an even less resolving ability. 
IDENTIFY and SET Up: Resolved by Rayleigh’s criterion means angular separation @ of the objects equals 
1.22A/D. The angular separation @ of the objects is their linear separation divided by their distance from the 
telescope. 


EXECUTE: sinĝ = 1.29 =0.1022; 0, =0.1024 rad 


3 
EXECUTE: 0= 290x10. m.. where 5.93x10'! m is the distance from earth to Jupiter. Thus 0 = 4.216x107. 
5.93x10" m 
-9 
Tene see ana pa e ONO N iis 
D 0 4.216x107 


EVALUATE: This is a very large telescope mirror. The greater the angular resolution the greater the diameter the 
lens or mirror must be. 


A 


IDENTIFY: Rayleigh’s criterion says 0, = L25 : 


Tes 


res 


SETUP: D=7.20cm. 6,.=~ , where s is the distance of the object from the lens and y = 4.00 mm. 
s 


y a yD _(4.00x10° m)(7.20x107 m) 

; eS = = 
s D 1.224 1.22(550x10° m) 
EVALUATE: The focal length of the lens doesn’t enter into the calculation. In practice, it is difficult to achieve 
resolution that is at the diffraction limit. 
IDENTIFY and SET UP: Let y be the separation between the two points being resolved and let s be their distance 


from the telescope. Then the limit of resolution corresponds to 124 =, 
s 


EXECUTE: (a) Let the two points being resolved be the opposite edges of the crater, so y is the diameter of the 
crater. For the moon, s=3.8x10° m. y=1.22A s/D ? 


EXECUTE: 429 m 


Hubble: D = 2.4 m and 4 = 400 nm gives the maximum resolution, so y = 77 m 


Arecibo: D = 305 m and 4=0.75 m; y =1.1x10° m 


(b) s= a Let y = 0.30 (the size of a license plate). s = (0.30 m)(2.4 m)/{(1.22)(400x 10° m)]=1500 km. 


EVALUATE: D/A is much larger for the optical telescope and it has a much larger resolution even though the 
diameter of the radio telescope is much larger. 


IDENTIFY: Apply sin = 1.224. 


SETUP: ĝis small, so sin? = 0. Smallest resolving angle is for short-wavelength light (400 nm). 


A 400x10” m 10,000 mi 


EXECUTE: 0 =1.22— = (1.22) =9.61x10° rad. 0 = , Where R is the distance to the star. 
D 5.08 m 


10,000 mi _ 16,000 km 


© — 9.6x10*rad 
EVALUATE: This is less than a light year, so there are no stars this close. 


R= =1.7x10" km. 
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36.51. 


36.52. 


36.53. 


IDENTIFY: Let y be the separation between the two points being resolved and let s be their distance from the 
telescope. The limit of resolution corresponds to 1.222/D=y/s. 


SETUP: — s=4.28ly=4.05x10'° m. Assume visible light, with 2=400m. 
EXECUTE: y=1.22As/D=1.22(400x10° m)(4.05x10'° m/(10.0 m) = 2.0x10° m 


EVALUATE: The diameter of Jupiter is 1.38x10° m, so the resolution is insufficient, by about one order of 


magnitude. 
IDENTIFY: Ifthe apparatus of Exercise 36.4 is placed in water, then all that changes is the wavelength 
,_a 
A> ==. 
n 
SET UP: For y<< x , the distance between the two dark fringes on either side of the central maximum is 


D'=2y. Let D=2y be the separation of 5.91x10~ m found in Exercise 36.4. 


2x4 2xA D 5.91x10° m 
an n 1.33 
EVALUATE: The water shortens the wavelength and this decreases the width of the central maximum. 


x, 2 
sin 3/2 ) yhen 
>|? 


EXECUTE: 2y, =4.44x10° m=4.44 mm. 


(a) IDENTIFY and SET UP: The intensity in the diffraction pattern is given by Eq.(36.5): I = i 


2 1 
p= (2 asin 0. Solve for @ that gives J=—I,. The angles 0, and 0_ are shown in Figure 36.53. 
A 2 


EXECUTE: I= iy so meee” 
2 Bl2 V2 
Let x= 8/2; the equation for x is i Te 0.7071. 
x V2 
Use trial and error to find the value of x that is a solution to this equation. 
x (sin x)/x 

1.0rad 0.841 

1.5 rad 0.665 

1.2 rad 0.777 


14rad 0.7039 
1.39rad 0.7077; thus x =1.39 rad and J = 2x = 2.78 rad 


A0 =|6, - @.|=20, 


sin 8, = ca = 
Jeee 27a 
Pin S Suge 
=\ A( 2.78 rad = 0.4425 a 
a\ 27 rad a 
Figure 36.53 


(i) For ~ 2, sinĝ, = oas 2) =0.2212; 0, =12.78°; A0 = 20, = 25.6° 

(ii) For 7° 5, sind, = oaas) =0.0885; 0, =5.077°; A0 = 26, =10.2° 

(iii) For 75 10, sin@, = oaas) = 0.04425; 0, =2.536°; A0 = 20, =5.1° 
(b) IDENTIFY and SET UP: sin, locates the first minimum. Solve for @. 


1 
EXECUTE: (i) For i =2, sind, = 5:0, =30.0°; 26, = 60.0° 


(ii) For 7° 5, sind, = =:8 =11.54°; 20, =23.1° 


36-14 Chapter 36 
2 a : 1 
(iii) For —=10, sin@ = (a =5.74°; 26, =11.5° 
A 10 
EVALUATE: Either definition of the width shows that the central maximum gets narrower as the slit gets wider. 
36.54. IDENTIFY: The two holes behave like double slits and cause the sound waves to interfere after they pass through 
the holes. The motion of the speakers causes a Doppler shift in the wavelength of the sound. 
SET Up: The wavelength of the sound that strikes the wall is 2 = A) — v.T,, and destructive interference first 
occurs where sin 0= 4/2. 
EXECUTE: (a) First find the wavelength of the sound that strikes the openings in the wall. 
A= A- vT, = vif,- vd f = (v — v/f = (344 m/s — 80.0 m/s)/(1250 Hz) = 0.211 m 
Destructive interference first occurs where d sin 0= 4/2, which gives 
d= A(2 sin = (0.211 m)/(2 sin 12.7°) = 0.480 m 
(b) A= v/f = (344 m/s)/(1250 Hz) = 0.275 m 
sin@ = A/2d = (0.275 m)/[2(0.480 m)] > 0 = +16.7° 
EVALUATE: The moving source produces sound of shorter wavelength than the stationary source, so the angles at 
which destructive interference occurs are smaller for the moving source than for the stationary source. 
36.55. IDENTIFY and SETUP: sin@=A/a locates the first dark band. In the liquid the wavelength changes and this 
changes the angular position of the first diffraction minimum. 
EXECUTE:  sin6,, = fik sin Oyquia = Asi 
a a 
sin Oy oui 
icv = Air ae = 0.4836 
sın air 
A=A,,,/n (Œq.33.5), 80 n= Ay, / Aiquig =1/0.4836 = 2.07 
EVALUATE: Light travels faster in air and n must be >1.00. The smaller 2 in the liquid reduces @ that located 
the first dark band. 
36.56. IDENTIFY: d= L, so the bright fringes are located by $sin 0=À 
SETUP: Red: sin A, =700nm. Violet: Asing =400 nm. 
execure: Medana e A _7 Using a trig identify from Appendix B, 
sin@, 4 sin A, 4 
SH COSTS E O 9/4 a cor 8 lal ETA 
sin 8, 
tan 6, = 0.330 > 6, =18.3°and 6 =A, +15° =18.3°+15° = 33.3°. Then Hrsina, = 700 nm gives 
sin, sin 33.3° re ; ; ° o 
= = 5— = 7.84x10° lines/m = 7840 lines/cm. The spectrum begins at 18.3° and ends at 33.3’. 
700nm 700x10" m 
EVALUATE: As Nis increased, the angular range of the visible spectrum increases. 
36.57. (a) IDENTIFY and SET UP: The angular position of the first minimum is given by asin 8 = mA (Eq.36.2), with 


m=1. The distance of the minimum from the center of the pattern is given by y= xtan 8. 
A 540x10° m 
a 0.360x10° m 
y, = xtan@ = (1.20 m)tan(1.50x10~ rad) =1.80x10° m=1.80 mm. 

(Note that @ is small enough for 0 = sin@ = tan @, and Eq.(36.3) applies.) 

(b) IDENTIFY and SET UP: Find the phase angle 8 where J =/,/2. Then use Eq.(36.6) to solve for @ and 


y =xtan@ to find the distance. 


sin@ = =1.50x107; @=1.50x107% rad 


1 
EXECUTE: From part (a) of Problem 36.53, I = z% when £ = 2.78 rad. 


B= (2 asno (Eq.(36.6)), so sin@ = LAA 
A 27a 


BAx _ (2.78 rad)(540x10” m)(1.20 m) 
27a 27(0.360x10° m) 
EVALUATE: The point where J = /,/2 is not midway between the center of the central maximum and the first 


=7.96x10* m=0.796 mm 


y=xtand = xsin ĝ = 


minimum; see Exercise 36.15. 


Diffraction 36-15 


36.58. 


36.59. 


36.60. 


sin y 


2 
IDENTIFY: I= if . The maximum intensity occurs when the derivative of the intensity function with 


respect to yis zero. 


SET UP: PSY oe oa, <()- r 
dy dy\y) r 


= A2 ; ; ; 

Exrévik: dI oF d (> r) =f r(e sar) -0. end is Sg VaR 
dy “dy\ y ae eae a y 

(b) The graph in Figure 36.58 is a plot of f(y) = y—tany. When f(y) equals zero, there is an intensity 


maximum. Getting estimates from the graph, and then using trial and error to narrow in on the value, we find that 
the three smallest y -values are y= 4.49 rad 7.73 rad, and 10.9 rad. 


EVALUATE: y=0is the central maximum. The three values of y we found are the locations of the first three 
secondary maxima. The first four minima are at y=3.14 rad , 6.28 rad, 9.42 rad, and 12.6 rad. The maxima are 


between adjacent minima, but not precisely midway between them. 
Gamma minus 
tangent gamma 


100}: 
8.0 |- 
6.0 |- 
40|- 


0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 
Figure 36.58 


Gamma 


IDENTIFY and SET UP: Relate the phase difference between adjacent slits to the sum of the phasors for all slits. The 
phase difference between adjacent slits is ø = = sin @ = = when @ is small and sin@= 0. Thus 0 = an 
T 


=m2z, where m is an integer, since then all the phasors 


EXECUTE: A principal maximum occurs when ¢= @ 


max 


add. The first minima on either side of the m"™ principal maximum occur when ø = @*,,= m2a+(2a/N) and the 


min 


phasor diagram for N slits forms a closed loop and the resultant phasor is zero. The angular position of a principal 


maximum is 0 = eae The angular position of the adjacent minimum is 6 * -( a Jø ER 


2nd min | 2nd 
A 27T A 
+ =0+ 
2nd )\ N Nd 


n tut} 
2nd . N 


0 A ea = a) 7 0 = ES 
2nd N Nd 


2 
The angular width of the principal maximum is 0 O nin = as was to be shown. 


min min 


EVALUATE: The angular width of the principal maximum decreases like 1/N as N increases. 
IDENTIFY: The change in wavelength of the H, line is due to a Doppler shift in the wavelength due to the motion 
of the galaxy. 


SET Up: From Equation 16.30, the Doppler effect formula for light is f} = £ =X Ts: 
c+v 


EXECUTE: First find the wavelength of the light using the grating information. 
A = d sin 0, = [1/(575,800 lines/m)] sin 23.41° = 6.900 x 107” m = 690.0 nm 


Using Equation 16.30, we have f, = | = fs- In this case, fr is the frequency of the 690.0-nm light that the 
ctv 


cosmologist measures, and fs is the frequency of the 656.3-nm light of the H, line obtained in the laboratory. 
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36.61. 


36.62. 


36.63. 


36.64. 


Chapter 36 

(RIR) 
Solving for v gives v =—— =- c. Since fA = c, f = c/A, which gives fr/fs = As/Ag. Substituting this into the 

1+(fe/ fs) 
equation for v, we get 

2 
[4] e w) 
paaa gu 5690.0 nm} (3 09108 m/s) = 1.501 x 107 mis, 


2 2 

Ap 690.0 nm 
which is 5.00% the speed of light. 
EVALUATE: Since v is positive, the galaxy is moving away from us. We can also see this because the wavelength 
has increased due to the motion. 
IDENTIFY and SET Up: Draw the specified phasor diagrams. There is totally destructive interference between 
two slits when their phasors are in opposite directions. 
EXECUTE: (a) For eight slits, the phasor diagrams must have eight vectors. The diagrams for each specified 
value of ø are sketched in Figure 36.61la. In each case the phasors all sum to zero. 


(b) The additional phasor diagrams for ¢=3z/2 and 37/4 are sketched in Figure 36.61b. 


7 
For ¢= = P= z, and ģ = = totally destructive interference occurs between slits four apart. For @ = z, 


totally destructive interference occurs with every second slit. 
EVALUATE: Ata minimum the phasors for all slits sum to zero. 


$= 7% =F 


(a) (b) 
Figure 36.61 
IDENTIFY: Maxima are given by 2d sin = mÀ . 
SETUP: dis the separation between crystal planes. 
0.125 nm 
m—— 
2(0.282 nm) 
For m=1:0=12.8°, m = 2: 0 = 26.3°, m=3:0=41.7°, and m = 4 : 0 = 62.4°. No larger m values yield answers. 


EXECUTE: (a) 0= arcsin 24) = usin = arcsin(0.2216m). 


(b) If the separation d = ent then 8 = arcsin ae 


V2 a 


So for m=1: 0 =18.3°, m =2: 0 =38.8°, and m =3: 0 =70.1°. No larger m values yield answers. 


) = arcsin(0.3134m). 


EVALUATE: In part (b), where d is smaller, the maxima for each m are at larger 0 

IDENTIFY and SET UP: In each case consider the relevant phasor diagram. 

EXECUTE: (a) For the maxima to occur for N slits, the sum of all the phase differences between the slits must 
add to zero (the phasor diagram closes on itself). This requires that, adding up all the relative phase shifts, 


N@= 2am, for some integer m . Therefore ø = = for m not an integer multiple of N, which would give a 
maximum. 
(b) The sum of N phase shifts ¢= = brings you full circle back to the maximum, so only the N —1 previous 


phases yield minima between each pair of principal maxima. 

EVALUATE: The N—1 minima between each pair of principal maxima cause the maxima to become sharper as N 
increases. 

IDENTIFY: Set d =a in the expressions for ø and f and use the results in Eq.(36.12). 

SET UP: Figure 36.64 shows a pair of slits whose width and separation are equal 


Diffraction 36-17 


36.65. 


36.66. 


36.67. 


EXECUTE: Figure 36.64 shows that the two slits are equivalent to a single slit of width 2a . 
g= sin 0,so B= sin 0 = ¢. So then the intensity is 


2n(2a) 


, where 8’ = sin8, 


sin’ (8/2 2sin( 8/2) cos(B/2)) sin? sin? ('/2 
1=1,08'(p10) OP) =! (Bi2ycos(/2))" _ y sin’ B y sin*(6'12) 
(B12) B B (B12) 
which is Eq. (35.5) with double the slit width. 
EVALUATE: In Chapter 35 we considered the limit where a<<d. a>d is not possible. 


Figure 36.64 


IDENTIFY and SET Up: The condition for an intensity maximum is dsinĝ = må, m=0, +1, +2,... Third order 
means m=3. The longest observable wavelength is the one that gives 0 =90° and hence 0 =1. 
EXECUTE: 6500 lines/em so 6.50x10° lines/m and d = a ne m=1.538x10° m 
6.5010 
_ dsin@ _ (1.538x10° m)(1) 
m 3 


EVALUATE: The longest wavelength that can be obtained decreases as the order increases. 

IDENTIFY and SET UP: As the rays first reach the slits there is already a phase difference between adjacent slits of 
2nd sin’ 
A 
condition for an intensity maximum. For a maximum the total phase difference must equal 27m . 

2nd si 20d si 7 
EXECUTE: “7 co eee = EE E E E 
1 


6.00x10° m” 


A =5.13x107 m=513 nm 


. This, added to the usual phase difference introduced after passing through the slits, yields the 


(b) 600 slits/mm > d = =1.67x10° m. 


For 0’ =0°, 
m=0: @=arcsin(0) =0. 


-7 
m=1: 0= arcsin Z) = arsin SSE =) = 22.9". 


1.67x10° m 
-7 
m=-l: o =arcsin( Z ) = arcsin eee T | =-22.9°. 
d 1.67x10”° m 
For 0’ = 20.0", 
m=0: @=arcsin(—sin 20.0") = —20.0°. 
-1 
m=1: 6=aresin| 2010 ™ _ gin 20.0" |= 2.71 
1.67x10° m 


6.501077 m 
1.67x10° m 


EVALUATE: When 6’>0, the maxima are shifted downward on the screen, toward more negative angles. 


m=-l1: 0= usin sin 200" = —47.0°. 


IDENTIFY: The maxima are given by dsinO=m/. We need sin@ = mA < lin order for all the visible 


wavelengths are to be seen. 


SET Up: For 650 slits/mm > d = l 


— =1.53x10° m. 
6.50x10° m 
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EXECUTE: 4 = 4.00107 m:m=1: 2. = 0,26; m= 2:72 =0,52;m=3:*4=0.78 


A, = 7.00x10’m:m=1: A =0.46;m=2: ue =0.92;m=3: us =1.37. So, the third order does not contain the violet 


end of the spectrum, and therefore only the first and second order diffraction patterns contain all colors of the spectrum. 
EVALUATE: 0 for each maximum is larger for longer wavelengths. 


36.68. IDENTIFY: Apply sin = 124, 


SET UP: ĝis small, so sing= where Ax is the size of the detail and R=7.2x10° ly. 1 ly=9.41x10" km. A=c/f 


5 8 
EXECUTE: sin 0-1224 = Bey Aya LAR _ (1.22)eR _ (1.22)(3.00%10* km/s)(7.2X10" ly) _ 5 06 iy 
D R D Df (77.000 10° km)(1.665x10° Hz) 


(9.4110? km/ly)(2.06 ly) = 1.9410" km. 


EVALUATE: A=18 cm. 4/D is very small, so sis very small. Still, R is very large and Ax is many orders of 


magnitude larger than the diameter of the sun. 
36.69. IDENTIFY and SET Up: Add the phases between adjacent sources. 
EXECUTE: (a) dsin@=mdA. Place 1" maximum at œ or 9=90°. d=. If d<A, this puts the first maximum 
“beyond oe.” Thus, if d<A/ there is only a single principal maximum. 
(b) At a principal maximum when 6 =0, the phase difference due to the path difference between adjacent slits 
dsin@ 


is ® nan = 2a . This just scales 27rradians by the fraction the wavelength is of the path difference between 


adjacent sources. If we add a relative phase 6 between sources, we still must maintain a total phase difference of 


zero to keep our principal maximum. 
D E Lae or 0 = sin" 2 
x A 2ad 


(c) d= 


an ™ = 0.0200 m (count the number of spaces between 15 points). Let 9= 45°. Also recall fA = c, so 


5 = + 270-0200 mX(8.800x10° Hz)sin 45° 


max =E 7 = +2.61 radians. 
(3.0010° m/s) 


EVALUATE: 6 must vary over a wider range in order to sweep the beam through a greater angle. 
36.70. IDENTIFY: The wavelength of the light is smaller under water than it is in air, which will affect the resolving 
power of the lens, by Rayleigh’s criterion. 
SETUP: The wavelength under water is A = A)/n, and for small angles Rayleigh’s criterion is 0 = 1.22A/D. 
EXECUTE: (a) In air the wavelength is 2 = c/f = (3.00 x 10° m/s)/(6.00 x 10'* Hz) = 5.00 x 10” m. In water the 
wavelength is 2 = A)/n = (5.00 x 10” m)/1.33 = 3.76 x 10” m. With the lens open all the way, we have D = f/2.8 = 
(35.0 mm)/2.80 = (0.0350 m)/2.80. In the water, we have 
sin 0 O= 1.22 A/D = (1.22)(3.76 x 10” m)/[(0.0350 m)/2.80] = 3.67 x 10” rad 
Calling w the width of the resolvable detail, we have 
0=w/R > w = RO= (2750 mm)(3.67 x 10° rad) = 0.101 mm 
(b) 0= 1.22 A/D = (1.22)(5.00 x 10” m)/[(0.0350 m)/2.80] = 4.88 x 10° rad 
w = RO= (2750 mm)(4.88 x 10° rad) = 0.134 mm 
EVALUATE: Due to the reduced wavelength underwater, the resolution of the lens is better under water than in air. 
36.71. IDENTIFY and SET UP: Resolved by Rayleigh’s criterion means the angular separation 0 of the objects is given 
by 0=1.22A/D. @=y/s, where y=75.0 m is the distance between the two objects and s is their distance from 


the astronaut (her altitude). 


EXECUTE: oa 1222 
sS D 


_ yD _ (75.0 m)(4.00x10° m) 
1.224 1.22(500x10° m) 


EVALUATE: In practice, this diffraction limit of resolution is not achieved. Defects of vision and distortion by the 
earth’s atmosphere limit the resolution more than diffraction does. 


=4.92x10° m=492 km 
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36.72. 


36.73. 


36.74. 


IDENTIFY: Apply sing =1.224 


SETUP: ĝis small, so sin = = , where Ax is the size of the details and R is the distance to the earth. 


1 ly=9.41x10" m. 
DAx _ (6.00x10° m)(2.50x10° m) 


EXECUTE: (a) R= =1.23x10" m =13.1ly 


1.222 (1.22)(1.0x10™ m) 
-5 15 
(b) Arm = ERED dD maz DOAKO m/1¥) ig an. This is about 10,000 times the 
Um 


diameter of the earth! Not enough resolution to see an earth-like planet! Ax is about 3 times the distance from the 
earth to the sun. 
(1.22)(1.0x 10° m)(59 ly)(9.41x 10" m /ly) 


2 =1.13x10° m=1130 km. 
6.00x10° m 


(co) Ax = 


Ax _ 1130km 
Drone 1-38X10° km 


planet 
EVALUATE: The very large diameter of Planet Imager allows it to resolve planet-sized detail at great distances. 
IDENTIFY and SET UP: Follow the steps specified in the problem. 
EXECUTE: (a) From the segment dy’, the fraction of the amplitude of E, that gets through is 
a2 ) dE = a|? )sinces at). 
a 


a 


=8.19x107; Ax is small compared to the size of the planet. 


(b) The path difference between each little piece is 


Edy’ 


y sin 0 > kx=k(D—y’ sin 60) > dE = sin(k(D — y’ sin @)—q@t). This can be rewritten as 


dE = Endy (sin(kD — @t)cos(ky’ sin 0) + sin(ky’ sin @)cos(kD — @t)). 
a 


(c) So the total amplitude is given by the integral over the slit of the above. 


Bal? gna” ig ; dy’ (sin(kD — a) cos(ky’ sin 0) + sin(ky’ sin 0) cos(kD — @t)). 
a °~4 


—aj2 


But the second term integrates to zero, so we have: 


$ ya a/2 
E=2sin(kD — æ) | “° dy'(cos(ky’sin 8)) = E, sin (kD an) (ze 2k 2) 
a 42 ka sin 0/2 by 
> E =E, sin(kD- o) sin(ka(sin 0)/2) \ _ AE E sin(za(sin @)/A) 
i ka(sin0)/2 i na(sin@)/A J 


=1> E=E,sin(kD - at). 


. . 2 . 
ausiersye paci am) 7 1 (BB 


ka(sin 0)/2 B/2 
EVALUATE: The same result for /(@) is obtained as was obtained using phasors. 


IDENTIFY and SET UP: Follow the steps specified in the problem. 
EXECUTE: (a) Each source can be thought of as a traveling wave evaluated at x = R with a maximum amplitude 


2 
, where we have used J, = E? sin? (kx — æt). 


of E,. However, each successive source will pick up an extra phase from its respective pathlength to point 


d sin @ 
A 


) which is just 277, the maximum phase, scaled by whatever fraction the path difference, 


P.9=2e/ 


d sin 0, is of the wavelength, 2 . By adding up the contributions from each source (including the accumulating 
phase difference) this gives the expression provided. 
(b) e0029 = cos(kR — ot + nø) +i sin(kR — æt + nø). The real part is just cos (kR — wt + nd). So, 


N-1 N-1 
Re È | = ŽE, cos(kR — wt + nø). (Note: Re means “the real part of ....”). But this is just 


n=0 n=0 


E, cos(kR — at) + E, cos(kR — at + 0) + E cos(kR — at + 20) +--+ E, cos(kR — at + (N —1)ġ) 
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36.75. 


N-I ; Nai ome / N= co Na N-I x1 
(c) > Ey e@i(kR-art+ng) = E, yee et gino = pee Ze. yee = X (e*)", But recall Da ATE 
n=0 n=0 n=0 n=0 n=0 n=0 x=1 
iNG INO L] ING 12 (gi 2 _ en N#/2) iNG/2 _ eNel2y 


e = e'N -D912 (e 


N-1 

’ 3 e 1 

Let x =e” so X (e) = (nice trick). But — = — - - — c, 
2 1 e” zf e”? (e)? = e #7) (e = e i#!?) 


e” — 
Putting everything together: 


S i(kR $) i(kR-@t+(N-1)ġ/2) (e 
i(kR-øt+nġ) __ i(kR-a@t+(N—- 

S Eye =E,e (e972 — @ 872) 

n=0 7 


iNġ/2 _ gel) 


= El cos R04 + (N -D92 isinir- r+ (N -pgr | ENA SANA eos Nol isin Ng? | 


cos @/2 + isin 6/2 —cos@/2 + isin @/2 
sin(N@/2) -E 
sin g/2 


Taking only the real part gives > E, cos(kR — ot + (N —1)/2) 


2 __ sin*(N@/2) 


moD (The cos? term goes to + in the time average and is included in the definition of 7,.) 
Y sin 


(d) 7=|E 


sin?’ (20/2) I,(2sin@/2cos@/2)° 


EVALUATE: (e) N=2. [=1,—;> <3 
sin’ 6/2 sin’ 9/2 


= 4], cos” e, Looking at Eq.(35.9), 


2 7 
K, œ 2E; but for us I, œ a. to 
sin’ (N@/2) 


= . Use this result to obtain each result specified 
sin’ 6/2 


IDENTIFY and SET Up: From Problem 36.74, J =I 


in the problem. 


=N. So limI=N7I,. 


EXECUTE: (a) lim/ ms Use I'H6pital's rule: lim 
9-0 0 cos(@/2) 9>0 


sin (N@/2) slim N /2 \cos(N@/2) 
ġ>0 sing/2 o0 


1/2 


; . ied ; ; N 
(b) The location of the first minimum is when the numerator first goes to zero at zÍ 


width of the central maximum goes like 2¢ 


min? 


ae ; 1 

so it is proportional to —. 
N 
Nọ : i sh tae ee ; 7 

(c) Whenever a =nz where n is an integer, the numerator goes to zero, giving a minimum in intensity. That is, 

. hes 2nt ee A : ; . 
I is a minimum wherever ¢= ae This is true assuming that the denominator doesn’t go to zero as well, which 
occurs when t- mz, where m is an integer. When both go to zero, using the result from part(a), there is a 
maximum. That is, if N is an integer, there will be a maximum. 


(d) From part (c), if r is an integer we get a maximum. Thus, there will be N —1 minima. (Places where - is 


not an integer for fixed N and integer n .) For example, n=0 will be a maximum, but n=1,2..., N—1 will be 


minima with another maximum at n= N. 


(e) Between maxima 4 is a half-integer multiple of nic s z, et) and if N is odd then 
sin? (N@/2) 
sin’? g/2 
EVALUATE: These results show that the principal maxima become sharper as the number of slits is increased. 


>l, so Z > I). 
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37.1. 


37.2. 


37.3. 


37.4. 


37.5. 


IDENTIFY and SET UP: Consider the distance A to O’ and B to O’ as observed by an observer on the ground 
(Figure 37.1). 


Figure 37.1 


EXECUTE: Simultaneous to observer on train means light pulses from A’ and B’ arrive at O’ at the same time. 
To observer at O light from A’ has a longer distance to travel than light from B’ so O will conclude that the pulse 
from A(A’) started before the pulse at B(B’). To observer at O bolt A appeared to strike first. 


EVALUATE: Section 37.2 shows that if they are simultaneous to the observer on the ground then an observer on 
the train measures that the bolt at B’ struck first. 


(a) oe nL} t= yt = (2.29) (2.20x10%s) =5.05x 10s. 


1- (0.9)° 
(b) d =vt = (0.900) (3.00 x 10° m/s) (5.05 x 10%s) =1.36x 10° m =1.36 km. 


IDENTIFY and SET UP: The problem asks for u such that Af, / At = 5 


2 
EXECUTE: A= gives u =cy/1-(At,/ At)” = (3.00x10* m/s) 1-(3) =2.60x10° m/s ; “=0.867 
l-u'/e c 
Jet planes fly at less than ten times the speed of sound, less than about 3000 m/s. Jet planes fly at much lower 
speeds than we calculated for u. 
IDENTIFY: Time dilation occurs because the rocket is moving relative to Mars. 


SET UP: The time dilation equation is At = t, , where tọ is the proper time. 
EXECUTE: (a) The two time measurements are made at the same place on Mars by an observer at rest there, so 


the observer on Mars measures the proper time. 


(b) At= At, = (75.0 us) = 435 us 


1- (0.985)? 
EVALUATE: The pulse lasts for a shorter time relative to the rocket than it does relative to the Mars observer. 
(a) IDENTIFY and SETUP: Ar, = 2.60x 10° s; At = 4.20x107 s. In the lab frame the pion is created and decays 


at different points, so this time is not the proper time. 

2 
At ue 
EXECUTE: At =———2— says l- == (4) 
c 


Vl-w/c? 


2 -8 3 
u (28) -| (ae ) heer Gaon: 


4.20x107 s 

EVALUATE: u<c, as it must be, but u/c is close to unity and the time dilation effects are large. 

(b) IDENTIFY and SET UP: The speed in the laboratory frame is u =0.998c; the time measured in this frame is 
At, so the distance as measured in this frame is d = uAt 

EXECUTE: d =(0.998)(2.99810* m/s)(4.20x 107" s)=126 m 


EVALUATE: The distance measured in the pion’s frame will be different because the time measured in the pion’s 
frame is different (shorter). 
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37.6.  y=1.667 
At _1.20x10° 
Gara SOO i 263006 
y(0.800c) 

(b) (0.300 s) (0.800c) = 7.20 10’m. 

(c) At, = 0.300 s/y =0.180s. (This is what the racer measures your clock to read at that instant.) At your origin 
1.20108 

you read the original un = =0.5 s. Clearly the observers (you and the racer) will not agree on the 

(0.800) (3 x 10° m/s) 

order of events! 

37.7. IDENTIFY and SET Up: A clock moving with respect to an observer appears to run more slowly than a clock at rest 
in the observer’s frame. The clock in the spacecraft measurers the proper time Af,. At = 365 days = 8760 hours. 
EXECUTE: The clock on the moving spacecraft runs slow and shows the smaller elapsed time. 

At, = Aty1- u? /c° = (8760 h),/l — (4.8010° /3.00x10°)* =8758.88 h. The difference in elapsed times is 
8760 h -8758.88 h=1.12h. 
37.8. IDENTIFY and SET Up: The proper time is measured in the frame where the two events occur at the same point. 
EXECUTE: (a) The time of 12.0 ms measured by the first officer on the craft is the proper time. 
A 
(b) At= 7 i -gives u = c41- (Af, /At? = c/1- (12.0x10°/0.190)? =0.998c. 
l-u'/c 
EVALUATE: The observer at rest with respect to the searchlight measures a much shorter duration for the event. 

37.9. IDENTIFY and SETUP: /=/,V1—u?/c’. The length measured when the spacecraft is moving is l = 74.0 m; l is 

the length measured in a frame at rest relative to the spacecraft. 

EXECUTE: |, = ! = fea =92.5 m. 

Vi-w/e? f1- (0.600c/0)? 

EVALUATE: l, >/. The moving spacecraft appears to an observer on the planet to be shortened along the 

direction of motion. 
37.10. IDENTIFY and SET Up: When the meterstick is at rest with respect to you, you measure its length to be 1.000 m, 

and that is its proper length, l. /=0.3048 m. 

EXECUTE: /=/,Vl—u?/c’ gives u= cj (lY = c1 (0.3048/1.00)* = 0.9524c = 2.86x10° m/s. 
37.11. IDENTIFY and SET UP: The 2.2 us lifetime is Atọ and the observer on earth measures At. The atmosphere is 

moving relative to the muon so in its frame the height of the atmosphere is / and lo is 10 km. 

EXECUTE: (a) The greatest speed the muon can have is c, so the greatest distance it can travel in 2.2x10° s is 

d = vt =(3.00x10* m/s)(2.2x10° s) = 660 m = 0.66 km. 

A 2.2x10° 
(by Res ES eins 
Vi-w/e? f1- (0.999)? 

d = vt =(0.999)(3.0010* m/s)(4.9x10% s)=15 km 

In the frame of the earth the muon can travel 15 km in the atmosphere during its lifetime. 

(e) L= vV1-u?’/c?° = (10 km),/1— (0.999)? = 0.45 km 

In the frame of the muon the height of the atmosphere is less than the distance it moves during its lifetime. 
37.12. IDENTIFY and SET UP: The scientist at rest on the earth’s surface measures the proper length of the separation 

between the point where the particle is created and the surface of the earth, so J, = 45.0 km . The transit time 

measured in the particle’s frame is the proper time, Af, . 

3 
Execure: (a) 1= 02-010 m 151x10" s 
v (0.99540)(3.00x 10° m/s) 
(b) 1=1,V1—u"/c? =(45.0 km),/1—(0.99540)° = 4.31 km 
(c) time dilation formula: At, = AtW1—u?/c? =(1.51x10™ s) j1- (0.99540)? =1.44x10> s 
l 4.31x10° 
from Al: t=~= nm et aa 8 
v  (0.99540)(3.00 x10° m/s) 

The two results agree. 

37.13. (a) 1,=3600m. 


2 7 2 
1=1,,/l-“ = (3600 m), ji CONS 8)” = (3600 m)(0.991) = 3568 m. 
c (3.00x10° m/s) 
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(b) Ar, = 2 = 2000 __ 909x107 s. 
u 4.00x10° m/s 
(Arsh E EEE T 


u 4.00x10" m/s 
37.14. Multiplying the last equation of (37.21) by u and adding to the first to eliminate f gives 


a ey 3 1 
x +ut =yx|1-—~ |=—x, 
c y 


and multiplying the first by a and adding to the last to eliminate x gives 
c 


t+Żx=ytl1 u? wily 
c? i e y? 


so x= y(x +ut’) and t = y(ť +ux’/c?), which is indeed the same as Eq. (37.21) with the primed coordinates 


replacing the unprimed, and a change of sign of u. 
v+u 0.400c + 0.600c 


37.15. (a) v= = =0.806c 
1+uv/c? 1+ (0.400) (0.600) 
(eve v+u _ 0.900c+0.600c _ 
1+uv’/c? 1+ (0.900)(0.600) 
ai v+u _ 0.990c + 0.600c _ 0.997¢. 


“= 1+uv’/c? 1+(0.990)(0.600) 
37.16. y=1.667(y = 5/3 if u = (4/5)c). 
(a) In Mavis’s frame the event “light on” has space-time coordinates x’=0 and f = 5.00 s, so from the result of 


Exercise 37.14 or Example 37.7, x=y(x +uť) and t=y (r+ at => x= yuť =2.00x10'm, t = yt’ =8.33 s. 
c 


(b) The 5.00-s interval in Mavis’s frame is the proper time Af, in Eq.(37.6), so At = yAt, = 8.33 s, as in part (a). 


(c) (8.33 s) (0.800c) = 2.00x10° m, which is the distance x found in part (a). 


37.17. IDENTIFY: The relativistic velocity addition formulas apply since the speeds are close to that of light. 
v, —u 


x 


Set Up: The relativistic velocity addition formula is v’ = 


uv, ` 
2 
A 
EXECUTE: (a) For the pursuit ship to catch the cruiser, the distance between them must be decreasing, so the 
velocity of the cruiser relative to the pursuit ship must be directed toward the pursuit ship. 
(b) Let the unprimed frame be Tatooine and let the primed frame be the pursuit ship. We want the velocity v’ of the 


cruiser knowing the velocity of the primed frame u and the velocity of the cruiser v in the unprimed frame (Tatooine). 


ja v,—=u _ 0.600c-0.800c _ 0.385¢ 
(js 1— (0.600) (0.800) 


2 
Cc 


t= 


The result implies that the cruiser is moving toward the pursuit ship at 0.385c. 
EVALUATE: The nonrelativistic formula would have given —0.200c, which is considerably different from the 
correct result. 
37.18. Let u, be the y-component of the velocity of S’ relative to S. Following the steps used in the derivation of 
v tu, 
Eq.(37.23) we get v, = roe 
© I+uyv,/c 


37.19. IDENTIFY and SET Up: Reference frames S and S’ are shown in Figure 37.19. 


S 1 . . 
A Je y J Frame S is at rest in the 
laboratory. Frame S’ is 
=x 0O x! attached to particle 1. 
O 


lab frame 


Figure 37.19 
u is the speed of S’ relative to S; this is the speed of particle 1 as measured in the laboratory. Thus u = +0.650c. 
The speed of particle 2 in S’ is 0.950c. Also, since the two particles move in opposite directions, 2 moves in the 
-x direction and v’ =—0.950c. We want to calculate v,, the speed of particle 2 in frame S; use Eq.(37.23). 
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v +u —0.950c + 0.650c —0.300c 
EXECUTE: v,=—~~—, = z= 
l+uv,/c° 1+(0.950c)(—0.650c)/c" 1-0.6175 
as measured in the laboratory, is 0.784c. 
EVALUATE: The incorrect Galilean expression for the relative velocity gives that the speed of the second particle 
in the lab frame is 0.300c. The correct relativistic calculation gives a result more than twice this. 
37.20. IDENTIFY and SETUP: Let S be the laboratory frame and let S’ be the frame of one of the particles, as shown in 
Figure 37.20. Let the positive x direction for both frames be from particle 1 to particle 2. In the lab frame particle 1 
is moving in the +x direction and particle 2 is moving in the —x direction. Then u =0.9520c and v =—0.9520c . 
v is the velocity of particle 2 relative to particle 1. 


EXECUTE: v=” z= PEO z =—0.9988c. The speed of particle 2 relative to particle 1 
l-uv/c’ 1- (0.9520c)(—0.9520c)/c 


is 0.9988c . v’ < 0 shows particle 2 is moving toward particle 1. 


= —0.784c. The speed of the second particle, 


Figure 37.20 


37.21. IDENTIFY: The relativistic velocity addition formulas apply since the speeds are close to that of light. 
—u 


SETUP: The relativistic velocity addition formula is v, = — 


EXECUTE: In the relativistic velocity addition formula for this case, v,’ is the relative speed of particle 1 with 
respect to particle 2, v is the speed of particle 2 measured in the laboratory, and u is the speed of particle 1 
measured in the laboratory, u = — v. 
, ates 2 7 , 
Pa EN ==. “£0? —-2v+v/ =0 and (0.890c)v? — 2c7v + (0.890?) =0. 
1-(-v)v/c I+ v’/c c 
This is a quadratic equation with solution v = 0.61 1c (v must be less than c). 
EVALUATE: The nonrelativistic result would be 0.445c, which is considerably different from this result. 
37.22. IDENTIFY and SETUP: Let the starfighter’s frame be S and let the enemy spaceship’s frame be S” . Let the 
positive x direction for both frames be from the enemy spaceship toward the starfighter. Then u = +0.400c . 
v =+0.700c . v is the velocity of the missile relative to you. 
v+u _ 0.700c + 0.400c _ 
1+uv'/c? 1+ (0.400)(0.700) 
(b) Use the distance it moves as measured in your frame and the speed it has in your frame to calculate the time it 
= 8.00x10° m 
(0.859)(3.00x10° m/s) 
37.23. IDENTIFY and SET UP: The reference frames are shown in Figure 37.23. 


EXECUTE: (a) v= 


=31.0s. 


takes in your frame. t 


, 


J y 
S = Arrakis frame 
S’ = spaceship frame 
x =a *t The object is the rocket. 
rocket y 
A spaceship 
Figure 37.23 


u is the velocity of the spaceship relative to Arrakis. 
v, =+0.360c; v’ = +0.920c 


(In each frame the rocket is moving in the positive coordinate direction.) 
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37.24. 


37.25. 


37.26. 


37.27. 


v —u 


x 


Use the Lorentz velocity transformation equation, Eq.(37.22): v= iade 
—uv,/c 


r 7 

v -u vv vv 
EXECUTE: n= ~ Z so v’. of : =v, u and u[1- "=v -v 
—uv,/c c 


v =v, __  0.360c-0.920c _ 0.560c _ 
l-v,%/c? 1- (0.360c)(0.920c)/ c° 0.6688 
The speed of the spacecraft relative to Arrakis is 0.837c =2.51x10ë m/s. The minus sign in our result for u means 
that the spacecraft is moving in the —x-direction, so it is moving away from Arrakis. 


0.837¢ 


u= 


EVALUATE: The incorrect Galilean expression also says that the spacecraft is moving away from Arrakis, but 
with speed 0.920c — 0.360c = 0.560c. 
IDENTIFY: We need to use the relativistic Doppler shift formula. 


SET UP: The relativistic Doppler shift formula, Eq.(37.25), is f = one 


Jo 


c-Uu 


ct+u 
EXECUTE: eee (c-u) f? =(ct+u)fy . f? -uf =cfy +ufo . cf? -cf =uf? +uf, and 


elf £0) _ FAY -1, 
P+R FIK 
(a) For fifo = 0.95, u = — 0.051c moving away from the source. 
(b) For f/fo = 5.0, u = 0.923c moving towards the source. 
EVALUATE: Note that the speed required to achieve a 10 times greater Doppler shift is not 10 times the original 
speed. 


IDENTIFY and SET UP: Source and observer are approaching, so use Eq.(37.25): f = Da Jo. Solve for u, the 
cu 
speed of the light source relative to the observer. 


(a) EXECUTE: ff? = í eat eg 
u 


(c-u)f? =(c+uw) fs and u = 


ef= -( Liar) 
f th (f/ fy +1 
A, =675 nm, A=575 nm 
Gi (675 nm/575 nm} —1 
(675 nm/575 nm}? +1 


(b) 4.7710’ m/s =(4.77x10’ m/s)(1 km/1000 m)(3600 s/1 h) =1.72x10° km/h. Your fine would be $1.72 10° 
(172 million dollars). 
EVALUATE: The source and observer are approaching, so f > f) and À < Å. Our result gives u<c, as it must. 


Using u =—0.600c = —(3/5)c in Eq.(37.25) gives 


_ fl-(3/5), _ [2/5 , _ 
r- En- Enan 


IDENTIFY and SET Up: If F is parallel to ¥ then F changes the magnitude of ¥ and not its direction. 


} = 0.159c = (0.159)(2.998x10° m/s) = 4.7710" m/s; definitely speeding 


of dv 
dv dt 


EXECUTE: (a) F= 4 2 (2) Ta zl A aa) 
(l-v'le"y""\ dt} (-v'/c") ZA È JA di 


pul m i vy _dv m 
dt I-v ley? 2 ej) dt A-Viley” 


Use the chain rule to evaluate the derivative: £ foM)= 
t 


ce 
d 

But ae soa=(F/m)(l-v'/e’?y”?. 
t 


EVALUATE: Our result agrees with Eq.(37.30). 
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(b) IDENTIFY and SET Up: If F is perpendicular to ¥ then F changes the direction of # and not its magnitude. 
al EATA) 

di diva) 
a=dyv/dt but the magnitude of v in the denominator of Eq.(37.29) is constant. 


EXECUTE: and a=(F/m)-v'/c’)'”. 


p- 
VJi-v/e 
EVALUATE: This result agrees with Eq.(37.33). 


1 
ES vl-v?/e? 


then y=1.10 and if y is 100% greater than 1 then y=2.00. 


EXECUTE: v=c,/1-1/7 


(a) v=cy/1-1/(1.010)* =0.140c 


37.28. IDENTIFY and SET UP: . If y is 1.0% greater than 1 then y=1.010, if yis 10% greater than 1 


(b) v=c,/1—1/(1.10)* =0.417c 
(©) v=cy1—1/(2.00)* =0.866c 


mv 


37.29. (a) p=—————— = 2m. 
1-v?/¢? 
2 
=>1=2/1-v?/c? ra = vale v= e= 0.866. 
c 


(b) F =y ma=2ma > Y =2> y =(2}° so | =p" Y =v1-27" =0.608 
v E 
j= 


2 
C 


37.30. The force is found from Eq.(37.32) or Eq.(37.33). 
(a) Indistinguishable from F =ma=0.145 N. 


(b) yma =1.75 N. 
(c) yma =51.7N. 
(d) yma =0.145 N, 0.333 N, 1.03 N. 


37.31. (a) K= Ka mc? =m? 
1-v"/c? 
2 
ee eee v= fŻe= 0.866 

J-v/e 4 c 4 

2 
(b) K =5mc” : E Sy ess ciss6s 
fi-v/e 36 c 36 


37.32. E=2mc? =2(1.67 x10” kg)(3.00x10° m/s)? = 3.01x 107° J =1.88x10°eV. 
37.33. IDENTIFY and SET UP: Use Eqs.(37.38) and (37.39). 
EXECUTE: (a) E=mc’ +K, so E=4.00mc’ means K =3.00mc? = 4.50x10™ J 
(b) E? =(mc’)? +(pe)’; E=4.00mc’, so 15.0(mc’)* = (pe) 
p =V15mc =1.94x10" kg- m/s 


(© E=mc/V1-v7/c? 
E =4.00mc? gives 1- v°/c° =1/16 and v =415/16c = 0.968c 


EVALUATE: The speed is close to c since the kinetic energy is greater than the rest energy. Nonrelativistic 
expressions relating E, K, p and v will be very inaccurate. 


37.34. (a) W=AK = (y, —1)mc? = (4.07x10°) me’. 
(b) ( y; =y) me =4.79mc’. 
(c) The result of part (b) is far larger than that of part (a). 


37.35. IDENTIFY: Use E=me to relate the mass increase to the energy increase. 
(a) SETUP: Your total energy E increases because your gravitational potential energy mgy increases. 
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37.36. 


37.37. 


37.38. 
37.39. 


37.40. 


37.41. 


EXECUTE: AE=mgAy 
AE =(Am)c? so Am= AE/c* = mg(Ay)/ c? 
Am/m = (gAy)/c* = (9.80 m/s’)(30 m)/(2.998x10° m/s)? = 3.3x10"% 


This increase is much, much too small to be noticed. 
(b) SETUP: The energy increases because potential energy is stored in the compressed spring. 


EXECUTE: AE = AU =+kx* =4(2.00x10* N/m)(0.060 m} =36.0 J 
Am=(AE)/c? =4.0x10™ kg 
Energy increases so mass increases. The mass increase is much, much too small to be noticed. 


EVALUATE: In both cases the energy increase corresponds to a mass increase. But since c° is a very large 
number the mass increase is very small. 


(a) E,=m,c’. 2E=mc? =2m,c’ . Therefore, m=2m, ese 2m. 
VI-V se? 
1 v v 3 ‘ 
fee eg cy/3/4 = 0.866c = 2.6010* m/s 
b) 10 mc? = me? = 1 e. 
q1- v/e 
2 2 
ies a, yee |™ 0e m/s. 
c 100 c 100 100 


IDENTIFY and SET Up: The energy equivalent of mass is E=mc*. p=7.86 g/cm’ =7.86x10° kg/m’. Fora 
cube, V=L’. 

E 10x10" J 
c? (3.00x10? m/s)’ 
m_ 1.11x10° kg 
p 786x10 kg/m? 
EVALUATE: Particle/antiparticle annihilation has been observed in the laboratory, but only with small quantities 


of antimatter. 
(5.52x10” kg)(3.00x10° m/s)? =4.97x10™ J =3105 MeV. 


IDENTIFY and SET UP: The total energy is given in terms of the momentum by Eq.(37.39). In terms of the total 


EXECUTE: (a) m= =1.11x10° kg 


=0.141 m°. L=V'? =0.521 m=52.1 cm 


m 
b = V= 
(b) p y 


energy E, the kinetic energy K is K = E — mc’ (from Eq.37.38). The rest energy is mc’. 


EXECUTE: (a) E=,/(mc’)’ +(pc) = 

(6.641077 )(2.998x 10°)? F +[(2.10x107'*)(2.998 x 108)? J 

E =8.67x10" J 

(b) mc? =(6.64x10” kg)(2.998x10* m/s)? =5.97x10™" J 

K=E-me =8.67x10™ J-5.97x10™ J=2.70x10" J 

K 270x10" J 

(oa = 
me 5.97x10" J 

EVALUATE: The incorrect nonrelativistic expressions for K and p give K = p?/2m=3.3x10™ J; the correct 


= 0.452 


relativistic value is less than this. 


2\1/2 
E=(m’c* + pe) = me’ í + (2) ) 


mc 
2 lp 2 P 2,1 2 : ae 
E=mce'| 1+ 5 nie =mc + =mc + 3 mv’, the sum of the rest mass energy and the classical kinetic energy. 
mc m 


eh git =5.34x10°" J. 


(a) v=8x10' m/s =1.0376. For m=m,, Kome = 


ne 1 
jl-v?/e? 
K a = (y -Dm =5.65x10°" J. Sa 1.06. 


nonrel 


(b) v=2.85x10° m/s; y =3.203. 


K= Ly? =6.78x10" J; Ka =(y-Vmc? =3.31x10" J; Ka/K 4.88. 
2 


nonrel 
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37.42. 


37.43. 


37.44, 


37.45. 


Chapter 37 
IDENTIFY: Since the speeds involved are close to that of light, we must use the relativistic formula for kinetic energy. 
SET Up: The relativistic kinetic energy is K =(y—1)mc? -|+ à = 1) me. 
l-v'/e 
(a) K =(y-l)mc’ -( 2 1) mc? =(1.67x10” kg)(3.00x10° m/s)? l 1 
VJ-v/e 1-(0.100e/¢)° 
1 
K =(1.50x10""° ee 1) =7.56x10" J = 4.73 MeV 
v1- 0.0100 

(b) K =(1.50x10™J) 1 1 |=2.32x10"! J=145 MeV 

4/1- (0.500)? 
(© K =(1.50x10™ J) 1 1 |=1.94x10™ J=1210 MeV 

4/1- (0.900)? 


(d) AE =2.32x10™ J-7.56x10™ J =2.24x10™"! J=140 MeV 
(e) AE =1.94x10™ J—2.32x10"'' J=1.71x10™° J=1070 MeV 


1 
(f) Without relativity, K = ym The work done in accelerating a proton from 0.100c to 0.500c in the 


nonrelativistic limit is AE = 50.500)" - 3mo. 100c)? =1.81x107' J=113 MeV. 
The work done in accelerating a proton from 0.500c to 0.900c in the nonrelativistic limit is 
AE = 5n(0.900 - 50.500)" =4.21x107"' J=263 MeV. 


EVALUATE: We see in the first case the nonrelativistic result is within 20% of the relativistic result. In the second 
case, the nonrelativistic result is very different from the relativistic result since the velocities are closer to c. 
IDENTIFY and SET Up: Use Eq.(23.12) and conservation of energy to relate the potential difference to the kinetic 
energy gained by the electron. Use Eq.(37.36) to calculate the kinetic energy from the speed. 

EXECUTE: (a) K =gAV =eAV 


kone L : |= 4025m" =3295x10" 1=206 MeV 
l-v/c 


AV = K/e=2.06x10° V 

(b) From part (a), K =3.30x10"" J=2.06 MeV 

EVALUATE: The speed is close to c and the kinetic energy is four times the rest mass. 
(a) According to Eq.(37.38) and conservation of mass-energy 


2Mc? + me? = pM? > y=1+ M 1+ aici 
2M 2(16.7) 
Note that since y= —_|____ we have that = i Le i ae 0.6331 
yl-v?/c? ? c a (1.292)? 


(b) According to Eq.(37.36), the kinetic energy of each proton is 


1.00 MeV 
K= Me? = (1.292 —1)(1.67x10” kg)(3.00x10° ee A MeV. 
(y-)Mc = ( X g)( m/s) ae | e 
(c) The rest energy of 77° is mc? = (9.75x10® kg)(3.00x10* mo eS) =548 MeV. 
al x y 


(d) The kinetic energy lost by the protons is the energy that produces the 77°, 
548 MeV = 2(274 MeV). 


IDENTIFY: The relativistic expression for the kinetic energy is K =(y—1)mc’, where y= and x=v"/c’. 


l= 


kad 


i 7 ae í 1 
The Newtonian expression for the kinetic energy is Ky = 3m 


SET Up: Solve for v such that K = SKy. 
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37.46. 


37.47. 


37.48. 


37.49. 


2 
EXECUTE: (y Dmc’ = m, i l= 3 xX. ma (1+ =x] . After a little algebra this becomes 
x 


l-x 4 1- 


9x? +15x-8=0. x= (-154 J057 +400). The positive root is x=0.425. x=v?/c?, so 


ve vx c=0.652c. 
EVALUATE: The fractional increase of the relativistic expression above the nonrelativistic one increases as v increases. 
The fraction of the initial mass (a) that becomes energy is 1— peau = 6.38210, and so the energy released 
2(2.0136 u) 
per kilogram is (6.38210 ~°)(1.00 kg)(3.00 x10 m/s yY =5.74x10" J. 
19 
w) E0 I 17x10" kg. 


5.74x10* J/kg 
(a) E =m, m= E] = (3.8x10" J)/(2.998x 10° m/s) = 4.2x10° kg. 
1 kg is equivalent to 2.2 lbs, so m=4.6X10° tons 
(b) The current mass of the sun is 1.99x10*° kg, so it would take it 
(1.9910 kg)/(4.2x10° kg/s) = 4.7x10"s =1.5x10" years to use up all its mass. 
IDENTIFY: Since the final speed is close to the speed of light, there will be a considerable difference between the 


relativistic and nonrelativistic results. 

iaie : 1 1 hoet 
SETUP: The nonrelativistic work-energy theorem is FAx = 5m 7 57 , and the relativistic formula for a 
constant force is FAx =(y—1)mc’. 


(a) Using the classical work-energy theorem and solving for Ax , we obtain 
_ m? — v; ) _ (0.100x 10 kg)[(0.900)(3.00x 10° m/s)’ 


Ax E =3.65 m. 
2F 2(1.00x10° N) 
(b) Using the relativistic work-energy theorem for a constant force, we obtain 
oe (y-Dimce? 
F 
For the given speed, y= —_1___= 2.29, thus 
v1—0.900° 
a -9 8 2 
Wa (2.29 —1)(0.100x10~™ kg)(3.00x10* m/s) _ Mew. 


(1.00x10°N) 


EVALUATE: (c) The distance obtained from the relativistic treatment is greater. As we have seen, more energy is 
required to accelerate an object to speeds close to c, so that force must act over a greater distance. 
(a) IDENTIFY and SET Up: Ar, = 2.6010° s is the proper time, measured in the pion’s frame. The time 
measured in the lab must satisfy d = cAt, where u = c. Calculate At and then use Eq.(37.6) to calculate u. 

d 1.20x10° m 


EXECUTE: At=—= z =4,003x10° s 
c 2.998x10° m/s 


2 
M= so =u? /c?)!”? = 9% and (1 wie)=( 2) 
vVl-u’ l/c? At At 


Write u =(1—A)c so that (u/c) = (1-A)? =1-2A+A° =1—2A since A is small. 


2 
Using this in the above gives 1—(1— 2A) = (=) 
t 


2 -8 2 
a=3(2) “a ‘| parents 


2\ At 2\ 4.003x10° s 


EVALUATE: An alternative calculation is to say that the length of the tube must contract relative to the moving 
pion so that the pion travels that length before decaying. The contracted length must be 
1 = cAt, =(2.998x10* m/s)(2.60x 10° s) =7.79 m. 


2 
l 
l=I,Vl-u"/c’ so iar 
0 
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37.50. 


37.51. 


37.52. 


37.53. 


37.54, 


37.55. 


2 2 
Then u=(1—A)c gives A= d 7 = ( eras =2.11x10°, which checks. 


ly 2\1.20x10° m 
(b) IDENTIFY and SETUP: E = yc’ (Eq.(37.38). 
EXECUTE: y= : J.T : =154 


Vi-w/e? N24 f2(2.11x10°) 
E =154(139.6 MeV) = 2.15x10* MeV = 21.5 GeV 
EVALUATE: The total energy is 154 times the rest energy. 
IDENTIFY and SET Up: The proper length of a side is 1, =a. The side along the direction of motion is shortened 
to 1=1,Vl—v’/c’ . The sides in the two directions perpendicular to the motion are unaffected by the motion and 
still have a length a. 
EXECUTE: V=a7l=a’vVl-v7/c? 
IDENTIFY and SET Up: There must be a length contraction such that the length a becomes the same as b; 
l, =a, 1=b. |, is the distance measured by an observer at rest relative to the spacecraft. Use Eq.(37.16) and solve 


for u. 
EXECUTE: Lee so AEN TE 
a 
0 
a=1.40b gives b/1.40b =Ņ1-u°/c° and thus 1- u° /c° =1/(1.40) 


u =4]1—1/(1.40)} c =0.700c = 2.10x10° m/s 


EVALUATE: A length on the spacecraft in the direction of the motion is shortened. A length perpendicular to the 
motion is unchanged. 
IDENTIFY and SET UP: The proper time A?,is the time that elapses in the frame of the space probe. At is the 


time that elapses in the frame of the earth. The distance traveled is 42.2 light years, as measured in the earth frame. 


EXECUTE: (a) Light travels 42.2 light years in 42.2 yr, so At -a (42.2 yr) = 42.6 yr. 


0.9910c ) 


At, = AtV1—u?/c? = (42.6 yr),/1— (0.9910) =5.7 yr. She measures her biological age to be 
19 yr+5.7 yr = 24.7 yr. 
(b) Her age measured by someone on earth is 19 yr + 42.6 yr = 61.6 yr. 


y= 
5 oF S 0.995. 


C 


E? -= (pc) _ 1 7 1 
E T r(2) 1+ (10/(0.995)) 


Cc 


(a) E=ymc? and y=10= 


=0.01=1%. 


IDENTIFY and SET Up: The clock on the plane measures the proper time Af). 
At = 4.00 h = 4.00 h (3600 s/1 h) =1.44x10* s. 


At 
-= and Ah = Atvl =u? /c? 


Oe aye wI? 
? 1 
EXECUTE: = small so Vl-w/c? =(l-w?/c?)'? =1- Ae ; thus Ar =a 1-35] 
2¢ c 


lu’, | 250 m/s 
2e 2(2.998x10° m/s 


2 
The difference in the clock readings is At — Af, = (1.44x10* s)=5.01x10° s. The 


clock on the plane has the shorter elapsed time. 

EVALUATE: Af, is always less than Af; our results agree with this. The speed of the plane is much less than the 
speed of light, so the difference in the reading of the two clocks is very small. 

IDENTIFY: Since the speed is very close to the speed of light, we must use the relativistic formula for kinetic 
energy. 
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37.56. 


37.57. 


37.58. 


37.59. 


1 


1-v? 


SET Up: The relativistic formula for kinetic energy is K = me Te ] and the relativistic mass is 
F 


m 
m. = 


EXECUTE: (a) K =7x10" eV =1.12x10° J . Using this value in the relativistic kinetic energy formula and 


1 
substituting the mass of the proton for m, we get K = nef T ] 
1-v*/c 


2 
1 
which gives ——— =7.45x10°and 1-4 = = 
1-v?/¢? c° (7.45x10°) 


. Solving for v gives 


v? _(e+v)X(c-=v)_ 2(e-v) 


c? e C 


1 , since c + v= 2c. Substituting v =(1—A)c, we have. 


1 


Pa aA 
2 os 2fc-(-A Lye (745x10 
z SAC ie ( ua =2A. Solving for A gives A= Pee ( 
c c c 2 2 
significant digit. 


1 =9x10° , to one 


(b) Using the relativistic mass formula and the result that m =7.45x10°, we have 
l-v'/c 


m 1 
Ma = =m =(7X10°)m, to one significant digit. 
Jl-v/e? a 
EVALUATE: At such high speeds, the proton’s mass is over 7000 times as great as its rest mass. 
1 E 
IDENTIFY and SET Up: The energy released is E=(Am)c’. Am= (a) (8.00 kg). P, =—. The change in 
t 


gravitational potential energy is mgAy. 


1 
EXECUTE: (a) E=(Am)c’ = (eo kg)(3.00x10° m/s)” = 7.20x10" J 
13 
b) P, = E_ i J ata neat 
4.00x10° s 
E 7.20x10° J 


(c) E=AU =mgAy. m= =7.35x10° kg 


gAy (9.80 m/s?)(1.00x10° m) 


IDENTIFY and SET UP: In crown glass the speed of light is v = £, Calculate the kinetic energy of an electron that 
n 


has this speed. 
8 
Execute: y= 2228%10 m/s L1 979x108 m/s. 
1.52 
K=mce’(y-1) 
mc’ = (9.109x10™! kg)(2.998x10* m/s)’ = 8.187107 J(1 eV/1.602x10- J) =0.5111 MeV 
1 1 


= 1.328 


ye z 
Vi-v?°/c¢? 1- (1.972x10° m/s)/(2.998x10* m/s) 
K = me (y-1) = (0.5111 MeV)(1.328—1) = 0.168 MeV 


EVALUATE: No object can travel faster than the speed of light in vacuum but there is nothing that prohibits an 
object from traveling faster than the speed of light in some material. 
Ej) E ; 
(a) v= P (Ec) =—, where the atom and the photon have the same magnitude of momentum, E / on 
m m mc 


E 
(b) v=—-«c, so E «me. 

mc 
IDENTIFY and SET Up: Let S be the lab frame and S’ be the frame of the proton that is moving in the +x direction, 
so u=+c/2. The reference frames and moving particles are shown in Figure 37.59. The other proton moves in 
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the —x direction in the lab frame, so v=—c/2. A proton has rest mass m, =1.67 x10’ kg and rest energy 
m,c” = 938 MeV . 
v—-u -—c/2-c/2 4c 


EXECUTE: (a) v= z= 3 
l—uv/c° 1-(c/2)\(—c/2)/c 5 


The speed of each proton relative to the other is = ; 


(b) In nonrelativistic mechanics the speeds just add and the speed of each relative to the other is c. 


2 
mc 


Vl-v7/e? i 


(i) Relative to the lab frame each proton has speed v=c/2. The total kinetic energy of each proton is 
938 MeV 


-(3) 


TEIE teat 4 i 
(ii) In its rest frame one proton has zero speed and zero kinetic energy and the other has speed z . In this frame 


(c) K= mc? 


K ~(938 MeV) =145 MeV. 


the kinetic energy of the moving proton is K = POM (938 MeV) = 625 MeV 


2 
M5) 
5 
(d) (i) Each proton has speed v=c/2 and kinetic energy 
„2 
K aia = 1 (c/2) afte 228 MEN 117 MeV 
2 2 8 8 


(ii) One proton has speed v=0 and the other has speed c. The kinetic energy of the moving proton 


fag Le _ 938 MeV 


= 469 MeV 


EVALUATE: The relativistic expression for K gives a larger value than the nonrelativistic expression. The kinetic 
energy of the system is different in different frames. 


Figure 37.59 


37.60. IDENTIFY and SET Up: Let S be the lab frame and let S’ the frame of the proton that is moving in the +x direction 
in the lab frame, as shown in Figure 37.60. In S’ the other proton moves in the —x’ direction with speed c/2, so 
v =—c/2. In the lab frame each proton has speed œc , where œ is a constant that we need to solve for. 

—0.50c + ac 


EXECUTE: (a) v= z and 
1+ (ac)(-0.50c)/c 


5 with v=-ac , u=+acand v =-0.50c gives —ac = 
l+uv/c 


-0.50+@ , 
= a 


1-0.50@ ` 
allowed. The speed measured by the observer in the lab is 0.268c. 


(b) (i) v=0.269c. y=1.0380. K =(y—l)mc? =35.6 MeV . 


4a+1=Oand & =0.268 or æ =3.73. Can’t have v>c, so only @ =0.268 is physically 
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(ii) v=0.500c. y=1.1547. K =(y—lmc? =145 MeV. 


S 
Figure 37.60 


37.61. x? =e >(x-uty y = ey (t —ux/c? j 
1 
=> x—ut =c(t—ux/c’) =x{1+4)-taure=1u+0 >x=ct >x =c. 
c) c 


37.62. IDENTIFY and SETUP: Let S be the lab frame and let S’ be the frame of the nucleus. Let the +x direction be the 
direction the nucleus is moving. u=0.7500c. 
v+u _ 0.9995c + 0.7500c 


EXECUTE: (a) v =+0.9995c. v= > =0.999929c 
1+uv’/c? 1+ (0.7500)(0.9995) 
ae es a ea eS 
1+ (0.7500)(—0.9995) 
(c) emitted in same direction: 
(i) K -Í tne = (0.511 MeV) : 1 |=42.4 MeV 
Vi-v?/e? 1- (0.999929)? 
(ii) K’ -( : tne = (0.511 MeV) : 1 |=15.7 MeV 
VJi-v/e 1- (0.9995)? 
(d) emitted in opposite direction: 
(i) K -Í : tne = (0.511 MeV) l 1 |=5.60 MeV 
Ji- /e J1- (0.9965)? 
(ii) K’ -Í J Jne =(0.511 MeV) : 1 |=15.7 MeV 
VJi-v°/e J1- (0.9995)? 


37.63. IDENTIFY and SET UP: Use Eq.(37.30), with a = dv/dt, to obtain an expression for dv/dt. Separate the 
variables v and ¢ and integrate to obtain an expression for v(t). In this expression, let t > œo. 


ape 


EXECUTE: a —(1-v’/c’)*’”. (One-dimensional motion is assumed, and all the F, v, and a refer to x- 
m 


components.) 


dv [F di 
d-r /P y” m 


Integrate from t=0, when v=0, to time ¢, when the velocity is v. 
v dv t F 
k d-v/e?y? Aba 


i( F Ft 
Since F is constant, (2) dt = —. In the velocity integral make the change of variable y=v/c; then dy =dv/c. 
m m 


i. dv =ef vie dy B e| y [ 7 y 
od-v/ery? Jo a-y a-a VMA 
v aF 


Vl-v7/c? m` 


Thus 
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Solve this equation for v: 

2 2 2: 
v Ft 2 Ft F2 
— 5 =| — | and v =| — | (-v°/c 
l-v*/e? (=) (=) $ ) 
2 2 
j +(4) =(=) Tora (Ft/m) Eo Ft 
mc m J1+(Ft/mc}? Vite +F? 
As t> o, al > ili >l,sov—oc. 
Viet NFP 
Ft 
EVALUATE: Note that Sa is always less than 1, so v <c always and v approaches c only when t > œ. 
mc +F't 

37.64. Setting x=0 in Eq.(37.21), the first equation becomes x’ =—yut and the last, upon multiplication by c, becomes 

ct’ = yct.Squaring and subtracting gives cr’ — x? =y (P -u t) =c’t’ or X =cVt? -t =4.53x10° m. 
37.65. (a) IDENTIFY and SET Up: Use the Lorentz coordinate transformation (Eq.37.21) for (x,,t,) and (x,,4,): 


ve xX, — Ut, os x, —ut, 
1 ? 2, 

2 2 2 2 

Vl-w/e Vi-w/e 

2 2 

,_ t,—ux,/c ,_ b -ux lc 


17 » Fy 
VJi-u Ie Vi-w lc? 
Same point in S’ implies x/ =x. What then is Af =t, -—1/? 


, 


EXECUTE: x/ =x implies x, -ut =x, — ut, 


x,—-x, Ax 
u(t, -t,)=x, — x and w=—2—1 = — 
am h-i At 
From the time transformation equations, 
ta r r 1 
Af =t,- = (At —uAx/c’) 
VJ1-u?1 Cc 
Ax 
Using the result that u = ae gives 
t 
At’ = J (At —(Ax)* ((At)c’)) 
J1- (Av)? KAN?) 
5 At 2 2: 
Ať = (At — (Ax) /((At)c")) 


(At? = (Ax)? /e? 


2 272 
At = (Ary -A/e _ (At) —(Ax/c)*, as was to be shown. 


Jat)? = (Ax? /e? 


This equation doesn’t have a physical solution (because of a negative square root) if (Ax/c)? > (At? or Ax > cAt. 


(b) IDENTIFY and SET UP: Now require that t, = tf (the two events are simultaneous in S’ ) and use the Lorentz 


coordinate transformation equations. 
EXECUTE: f,=fť implies t,-ux,/c’ =t, — ux, / c? 


- Ax *At 
t,-t, -( äh so ar=(2Ju and u= x 
c c 


From the Lorentz transformation equations, 


/, la la 1 
Ax = x, [qo] uAt). 


Using the result that u =c"At/Ax gives 


; 1 
= EE (Ax —c? (At)? / Ax) 
; Ax 


= (Ax —c? (At)? / Ax) 
Jax)? =c? (Ary? 


_ (Ax -c7(At? 
VAa -ear 
(c) IDENTIFY and SETUP: The result from part (b) is Ax’ = ./(Ax)’ - c (At)? 


Ax’ 


(Ax)? -e AN? 
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37.66. 


37.67. 


37.68. 


37.69. 


Solve for At: (Ax? = (Ax)? -° (AD? 


ap NO = [6.00 m)? = (2.50 m)? 
7 2.998x10° m/s 


EVALUATE: This provides another illustration of the concept of simultaneity (Section 37.2): events observed to 
be simultaneous in one frame are not simultaneous in another frame that is moving relative to the first. 


EXECUTE: =1.44x10° s 


1 
(a) 80.0 m/s is non-relativistic, and K = 3” =186J. 


(b) (y—Dmce? =1.31x10" J. 
(c) In Eq. (37.23), c) v =2.20x10° m/s, u = —1.80x10° m/s,and so v=7.14x10'm/s. 


20.0 m 


(d) =13.6m. 


20.0 m 


———__ =9.09x10" s. 
2.20x10° m/s 


(e) 


13.6m 
2.20x10° m/s 
IDENTIFY and SET Up: An increase in wavelength corresponds to a decrease in frequency (f =c/A), so the 


i= 6180 sare = =6.18x10" s. 
y 


atoms are moving away from the earth. Receding, so use Eq.(37.26): f = = =u T 
c+u 


EXECUTE: Solve for u: (f/ fy (ctu)=c-u and un ELI 


1+(f/f,y 
f=cla, fy=cla, so flfy=Ala 
ule (Ay / Ay? \_ f1- (656.3/953.4)° 
1+ (4/4? 1+ (656.3/953.4)° 
EVALUATE: The relative speed is large, 36% of c. The cosmological implication of such observations will be 
discussed in Section 44.6. 
The baseball had better be moving non-relativistically, so the Doppler shift formula (Eq.(37.25)) becomes 
f = f,d—(u/c)). In the baseball’s frame, this is the frequency with which the radar waves strike the baseball, and 


= 0.357¢c =1.07x10° m/s 


the baseball reradiates at f But in the coach’s frame, the reflected waves are Doppler shifted again, so the detected 
frequency is f- (u/c)) =f,d- (u/c)? = fad- 2(u/c)), so Af = 2 f,(u/c) and the fractional frequency shift is 


Af 


—=2(u/c). In this case, 
0 


Af (2.86107) 
u= c= 

2f 2 
IDENTIFY and SET Up: 500 light years = 4.73x10'° m. The proper distance l to the star is 500 light years. The 


(3.00x10° m) = 42.9 m/s =154 km/h =92.5 mi/h. 


energy needed is the kinetic energy of the rocket at its final speed. 
d 4.73x10" m 


EXECUTE: (a) u=0.50c. Ar=—= : =3.2x10" s =1000 yr 
u (0.50)(3.00 10° m/s) 


The proper time is measured by the astronauts. Ar, = Aty1- u? /c?° =866 yr 


2 
mc 2 8 2 1 19 
K= mc” = (1000 kg)(3.00x 10° m/s) 1/=1.4x10" J 
Vi-v2/e = (0.500)? | 
This is 140% of the U.S. yearly use of energy. 
18 
Gia 0006. Ae = eee sas es Ae 


u  (0.99)(3.00x10° m/s) 


K =(9.00x10" | =5.5x10" J 


-1 
1- (0.99)? | 
This is 55 times the U.S. yearly use. 
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37.70. 


37.71. 


37.72. 


d 4.73x10" m 


(c) u=0.9999c. Ar=—= - =1.58x10° s=501 yr, At, =7.1 yr 
u  (0.9999)(3.00x10° m/s) 


I 
J1- (0.9999) 


This is 630 times the U.S. yearly use. 

The energy cost of accelerating a rocket to these speeds is immense. 

(a) As in the hint, both the sender and the receiver measure the same distance. However, in our frame, the ship has 
moved between emission of successive wavefronts, and we can use the time T = 1/ f as the proper time, with the 


result that f = 7f > fo- 


c+u 


K =(9.00x10" o| Hx" J 


1+0.758 
1—0.758 


f- f, =930 MHz -345 MHz = 585 MHz. 


1/2 
(b) Toward: f = f, = 345 Mriz( = 930 MHz 


c—u 


c-u 1-0.758)" 
Away: f = fy,{/——— =345 MHz| ———_ | =128 MHz and f — f =—-217 MHz. 
c+u 1+0.758 


(e) yh =1.53f, =528 MHz, f — fẹ =183 MHz. The shift is still bigger than f, , but not as large as the approaching 


frequency. 

The crux of this problem is the question of simultaneity. To be “in the barn at one time” for the runner is different 
than for a stationary observer in the barn. The diagram in Figure 37.71a shows the rod fitting into the barn at time 
t=0, according to the stationary observer. The diagram in Figure 37.71b is in the runner’s frame of reference. The 


front of the rod enters the barn at time f, and leaves the back of the barn at time t,. However, the back of the rod 


does not enter the front of the barn until the later time t,. 


back of barn front of barn 


back of rod front of rod 


t, 

2 0.40m 0.60m 
(contracted (rod 
barn length) length) 


0.48 m 0.50 m 


(contracted (size of t 
rod length) barn) 1 


(a) (b) 

Figure 37.71 
_(cin)+V _ (cin)+V 
cV 1+(Vinc) 
nc 


In Eg.(37.23), u=V, Vv = (c/n), and so v . For V non-relativistic, this is 


1+ 


v = ((cn) +V)(1—(V/ne)) = (nein) +V — (Vin?) — (V7 Inc) = $ + í = +) so k= í = =} For water, n =1.333 
n 


n n 
and k =0.437. 
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v—u u 


dv 3 
d- uv/c’) d- uv/c?)? e 


dv 


, 


37.73. (a) a= z dt’ = y(dt - udx/c’). dv = 
t 


dv 1 p YoY (3) 
dv 1-w/c? (l-w/e’) (ec? } 


y agaka 
i =| 1 , o-wule J-a[ l-u [c 


1-uv/c? (l-uv/c? (l-uv/c’) 


dy (l-u’/c’) doh 
d= (l—uv/c’)? _ dv (l-u /c’) 1 
ydt —uydx/c? dt (l—uv/c?)? yd—uv/c’) 


= a(dl—u?/c?)? (l-uv/c?)?. 


+\-3 
(b) Changing frames from S’ — S just involves changing a> a’, v >-v >a=d'(l wfe’ h +=) ; 
c 


37.74. (a) The speed v’ is measured relative to the rocket, and so for the rocket and its occupant, v’ = 0. The acceleration 
as seen in the rocket is given to be a’ = g, and so the acceleration as measured on the earth is 


du ue i 
a=—=g/l-—| . 
dt 3 


(b) With v, =0 when r=0, 
1 du f ti 1 f vi du vi 


dt = ; = hi : 
g d-u to gto u/c?) "og di-e 


(c) dt’ = ydt = dt /4J1— u? / c’,so the relation in part (b) between dt and du, expressed in terms of dt’ and du, is 
1 du 1 du 


J-e g-e g d-w/ey 


. . . . . ta C. 
Integrating as above (perhaps using the substitution z = u/c) gives t =— arctanh | 
& 


dt’ = ydt = 


2} For those who wish to 
c 
avoid inverse hyperbolic functions, the above integral may be done by the method of partial fractions; 
edt’ = du ath a + du , which integrates to t= In cty : 
(ltu/c)d—-u/c) 2|1+u/c 1-uc 2g \e-y, 


(d) Solving the expression from part (c) for v,in terms of 1,, (v,/c) = tanh( gt;/c), so that 


q1- vi / c) =1/cosh(gt//c),using the appropriate indentities for hyperbolic functions. Using this in the expression 


found in part (b), t, = 2 tem 26/) =£ sinh(gt//c), which may be rearranged slightly as Si sinh{ ££) If 
g l/cosh(gt;/c) g c c 
gtile _ —gtile 
hyperbolic functions are not used, v, in terms of f is found to be += £ f — which is the same as 


c E stile 4. et" 
: ; ES i c , i 
tanh( gt /c). Inserting this expression into the result of part (b) gives, after much algebra, t, = a fe — poste) 
8 


which is equivalent to the expression found using hyperbolic functions. 
(e) After the first acceleration period (of 5 years by Stella’s clock), the elapsed time on earth is 


€ = Êsinh(gť /c) = 2.65x10° s =84.0 yr. 
g 


The elapsed time will be the same for each of the four parts of the voyage, so when Stella has returned, Terra has 
aged 336 yr and the year is 2436. (Keeping more precision than is given in the problem gives February 7 of that 


year.) 
37.75. (a) f, =4.568110x10" Hz; f, = 4.568910x10“ Hz; f_= 4.567710x10"“ Hz 


pe CEUTY) 

* \e-u+v) _, Rc (uty)) = fy (+ tv) 
_ je+(u-y) f(c- u-v) = fy (c+ U-v)) 

f= ty! 


37-18 


37.76. 


Chapter 37 
where u is the velocity of the center of mass and v is the orbital velocity. 
2_ 1 2 2) _ 1 
(+= SA c and u-v- Elh) c 
F/A +1 Ffa) 


=>u+v=5.25x10 m/s and u-v =-2.63x10* m/s . 


This gives u =+1.31x10* m/s (moving toward at 13.1 km/s) and v=3.94x10* m/s. 
(b) v=3.94x10* m/s; T =11.0 days. 2æR = vt => 


R= (3.94x10* m/s) (11.0 days) (24 hrs/day) (3600 sec/hr) 
27 
0.040 times the earth-sun distance. 


=5.96x10° m. This is about 


Also the gravitational force between them (a distance of 2R) must equal the centripetal force from the center of 
mass: 


(Gm) m? 4Rv?  4(5.96x10° m)(3.94x10! m/s)? 
m 
(2R R G 6.672x10™ N: m°/kg° 
For any function f = f (x, t)and x=x(x, t), t=t(x, t), let F(x, t) = f (x(x, t), t(x, )) and use the standard 


(but mathematically improper) notation F(x’, t) = f(x’, t’). The chain rule is then 


of (x, r) _ Of (x, t) dx’ a of (xL, r) or’ 


=5.55x10” kg = 0.279 mn- 


> 


ox ox’ ax ot ox 
of (x’, t’) _ of (x,t) ox’ R of (x’, t’) dr’ 
ot ax’ or or dt 


In this solution, the explicit dependence of the functions on the sets of dependent variables is suppressed, and the 

Of _ of ax’ | af or af _ af dx’ af ar 

ox ox’ ox at dx’ ot ox Ət or or 

(a) a =1, Oe p% =0and oF =i tea = oe ana oes oe 
ox ot ax ot ox ax ax? ax” 

OE _0E OE 


Ot te ar 


above relations are then 


For the time derivative, 


To find the second time derivative, the chain rule must be applied to both terms; that is, 


0 JE OE OE 
=-v + 5 
Ot Ox’ ox? = at’ax’ 
0 0E OE OE 
=-v + x 
ot or axd ar” 


2 


Using these in collecting terms and equating the mixed partial derivatives gives 


or’ 
2 2 2 2 2 
8 = =v 3 = v ae 3 = , and using this and the above expression for = gives the result. 
ot ox ox’dr’ dt ox 
ra F ’ t 
(b) For the Lorentz transformation, J =y, =%y, 9 =yvl c and r =y. 
ox ot ox ot 
The first partials are then 
ðE ðE v OE OE _ ðE OE 


2 v , + , 
oxox ‘ear’ ar V OF 
and the second partials are (again equating the mixed partials) 
OE E VE „v FE 
2 = Y 72 + Yy 4 eÀ Yy 2 Lin Od 
ox ox cÅ ot c oxot 
JE ,,0E 40°E > OE 
=yv + 2yv ‘ 
ar a a? V avar 
Substituting into the wave equation and combining terms (note that the mixed partials cancel), 
FE 1 weal =e E ara 17E 
d 


ax ed e Jax? A ot? ax e ar”? 


0. 


2 
C Cc 
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37.77. 


(a) In the center of momentum frame, the two protons approach each other with equal velocities (since the protons 
have the same mass). After the collision, the two protons are at rest—but now there are kaons as well. In this 


S f . tf a 
situation the kinetic energy of the protons must equal the total rest energy of the two kaons => 2(y,,, —1)m,c" = 


2m,.C? > Yam =1+—+=1.526. The velocity of a proton in the center of momentum frame is then 
m 
P 


2 
Va =C [Ya =0.7554c. 
Vern 


To get the velocity of this proton in the lab frame, we must use the Lorentz velocity transformations. This is the 
same as “hopping” into the proton that will be our target and asking what the velocity of the projectile proton is. 


Taking the lab frame to be the unprimed frame moving to the left, u =v,,, and v’ =v,,, (the velocity of the projectile 


cm 


proton in the center of momentum frame). 


Van = — =. a ei: 9. 96190¢ 4 p= = = 3.658 => K u» = (Yu — DM, c? = 2494 MeV. 
l+— 1+ Vem. ii — Mab 
C c? c? 
(by Ku __2494MeV_, 596 
2m, 2(493.7 MeV) 


(c) The center of momentum case considered in part (a) is the same as this situation. Thus, the kinetic energy 
required is just twice the rest mass energy of the kaons. K,,, = 2(493.7 MeV) = 987.4 MeV. This offers a 


substantial advantage over the fixed target experiment in part (b). It takes less energy to create two kaons in the 
proton center of momentum frame. 


PHOTONS, ELECTRONS, AND ATOMS 


38.1. 


38.2. 


38.3. 


38.4. 


38.5. 


IDENTIFY and SET Up: The stopping potential Vo is related to the frequency of the light by V, = 4 f= $ . The 
e e 


slope of Vo versus fis h/e. The value fn of f when V, =0 is related to by ġ= hfy . 

EXECUTE: (a) From the graph, fẹ =1.25x 10" Hz . Therefore, with the value of h from part (b), 

d=hf,, =4.8 eV. 

(b) From the graph, the slope is 3.8x107™ V-s. h=(e)(slope) = (1.60x10"'® C)(3.8x10"% V-s)=6.1x10™ J-s 
(c) No photoelectrons are produced for f < fa- 


(d) For a different metal fp and @ are different. The slope is h/e so would be the same, but the graph would be 
shifted right or left so it has a different intercept with the horizontal axis. 

EVALUATE: As the frequency f of the light is increased above fin the energy of the photons in the light increases 
and more energetic photons are produced. The work function we calculated is similar to that for gold or nickel. 
IDENTIFY and SET Up: c= fA relates frequency and wavelength and E=hf relates energy and frequency for a 


photon. c=3.00x10° m/s. 1 eV =1.60x10" J. 


i 8 
EXECUTE: (a) f= c P als 
A 505x10” m 


(b) E=hf =(6.626x10™ J-s)(5.94x10" Hz) =3.94x10™ J =2.46 eV 


-19 
E E E [2K _ 23.94%10 Does 
m 9.5x10-8 kg 


=5.94x10" Hz 


gale 3.00x10* m/s 
à 5.20x107 m 

_ h _6.63x10™ J-s 

à 5.20107 m 

E = pc = (1.28x10” kg- m/s) (3.00x10° m/s) =3.84x10™ J = 2.40 eV. 


=5.77x10" Hz 


=1.28x10” kg- m/s 


energy 
t 

EXECUTE: (a) energy = Pt = (0.600 W)(20.0x10° s)=1.20x10° J=7.5x10" eV 
he _ (6.63x10™ J-s)(3.00x10* m/s) 
a 652x10° m 

(c) The number of photons is the total energy in a pulse divided by the energy of one photon: 

1.20x107 J 

3.05x10°” J/photon 


EVALUATE: The number of photons in each pulse is very large. 
IDENTIFY and SET Up: Eq.(38.2) relates the photon energy and wavelength. c= fA relates speed, frequency and 


IDENTIFY and SETUP: P, = . 1eV =1.60x10™ J. Fora photon, E= hf =<. h=6.63x10™ J-s. 


(b) E= =3.05x10°" J=1.91 eV 


= 3.93x10'° photons . 


wavelength for an electromagnetic wave. 


6 -19 
E OBIE RS p- Ei Q45x10 eV)(1.602%10 J/1 eV) 
h 6.626x10™ J-s 


=5.92x10” Hz 


c _ 2.998x10° m/s 
f 5.92x10” Hz 


(c) EVALUATE: ^À is comparable to a nuclear radius. Note that in doing the calculation the energy in MeV was 
converted to the SI unit of Joules. 


(b) c= fA so A= =5.06x10™" m 


38-1 


38-2 Chapter 38 


max 


38.6. IDENTIFY and SETUP: 24,.=272nm. c=f/. =m =hf —. At the threshold frequency, fp, Vma > O. 


h=4.136x10° eV-s. 
co 3.00x108 m/s 
A, 272x10° m 


th 


(b) =hf, =(4.136x10™ eV-s)(1.10x10" Hz) = 4.55 eV. 


=1.10x10" Hz. 


EXECUTE: (a) fa = 


(c) jm? =hf — ġ = (4.136x10™ eV -s)(1.45x10" Hz) -— 4.55 eV = 6.00 eV — 4.55 eV =1.45 eV 


EVALUATE: The threshold wavelength depends on the work function for the surface. 
38.7. IDENTIFY and SET UP: Eq.(38.3): IV =hf -—¢= K @. Take the work function @ from Table 38.1. Solve 


. Note that we wrote fas c/A. 
wh (6.626x10™ J-s)(2.998x 10° m/s) 
i 235x10° m 


jma =8.453x10™" J-8.170x10™" J=2.83x10 J 


-20 
pas ELAO D oait mis 
a T 419.109x10™ kg 


EVALUATE: The work function in eV was converted to joules for use in Eq.(38.3). A photon with 2 =235 nm 


has energy greater then the work function for the surface. 


38.8. IDENTIFY and SETUP: ¢=hf,= ne The minimum ¢ corresponds to the minimum / . 


th 
he _ (4.136107 eV -s)(3.00x10* m/s) 
An 700x10° m 
38.9. IDENTIFY and SETUP: c= fA. The source emits (0.05)(75 J) =3.75 J of energy as visible light each second. 
E=hf , with h=6.63x10™ J-s. 


i 8 
Execure: (a) f =£ = 200X10 mis 
A 600x10° m 


(b) E= hf =(6.63x10™ J- s)(5.00x10 Hz) =3.32x10™" J. The number of photons emitted per second is 
3.75 J 
3.3210” J/photon 

(c) No. The frequency of the light depends on the energy of each photon. The number of photons emitted per 
second is proportional to the power output of the source. 

38.10. IDENTIFY: In the photoelectric effect, the energy of the photon is used to eject an electron from the surface, and 
any excess energy goes into kinetic energy of the electron. 
SET UP: The energy of a photon is E = hf, and the work function is given by ø= /fo, where fo is the threshold frequency. 
EXECUTE: (a) From the graph, we see that Kya, = 0 when A= 250 nm, so the threshold wavelength is 250 nm. 
Calling fo the threshold frequency, we have 

fa = c/A = (3.00 x 10° m/s)/(250 nm) = 1.2 x 10'° Hz. 


(b) @= hfa = (4.136 x 10°? eV -s )(1.2 x 10" Hz) = 4.96 eV = 5.0 eV 
(c) The graph (see Figure 38.10) is linear for A < Ay (1/A > 1/2), and linear graphs are easier to interpret than curves. 
EVALUATE: [Ifthe wavelength of the light is longer than the threshold wavelength (that is, if 1/2 < 1/A ), the 
kinetic energy of the electrons is really not defined since no photoelectrons are ejected from the metal. 

K, 


max 


for v 
mMm: 


ax 


EXECUTE: (5.1 eV)(1.602x10™ J/1 eV) 


=1.77 eV 


EXECUTE: ¢ģ= 


=5.00x10" Hz 


=1.13x10" photons. 


Figure 38.10 


Photons, Electrons, and Atoms 38-3 


38.11. 


38.12. 


38.13. 


38.14. 


38.15. 


IDENTIFY: Protons have mass and photons are massless. 
(a) SET Up: Fora particle with mass, K = p?/2m. 
EXECUTE: p,=2p, means K,=4K,. 

(b) SET Up: Fora photon, E = pc. 

EXECUTE: p,=2p, means E, =2E,. 


EVALUATE: The relation between E and p is different for particles with mass and particles without mass. 


where V, is the stopping potential. The stopping potential in volts equals 


max ? 


1 
IDENTIFY and SET Up: eV, = 5 
; l 3 
eV, in electron volts. 5M nas =hf -¢@. 


1 
EXECUTE: (a) eV = Mva so 


max 


(4.136x10™ eV - s)(3.00x10° m/s) 
250x10? m 


eV, =hf —o= 


is 2.7 electron volts. 


(b) jm =2.7 eV 


2.3 eV = 4.96 eV —2.3 eV = 2.7 eV. The stopping potential 


max 
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Che 2(2.7 oa a JleV) =9.7x10° mis 
9.11x10~ kg 
(a) IDENTIFY: First use Eq.(38.4) to find the work function @. 
he 


SETUP: eV,=hf —¢ so d=hf Mas ev, 


_ (6.626x 10 J-s)(2.998x10* m/s) 
254x107 m 

@=7.821x10-° J—2.900x10- J =7.531x10°” J. eV/1.602x10° J) =4.70 eV 

IDENTIFY and SET Up: The threshold frequency f, is the smallest frequency that still produces photoelectrons. 

It corresponds to Kax =0 in Eq.(38.3), so hf, =¢. 


EXECUTE: ¢ (1.602107? C)(0.181 V) 


EXECUTE: f =F says Hes (H 


An 
-34 8 
A= he _ (6.62610 J $)(2.998%10 LE M A 
9 7.531x10°? J 


(b) EVALUATE: As calculated in part (a), @=4.70 eV. This is the value given in Table 38.1 for copper. 


IDENTIFY and SET Up: A photon has zero rest mass, so its energy and momentum are related by Eq.(37.40). 
Eq.(38.5) then relates its momentum and wavelength. 


EXECUTE: (a) E= pc =(8.24x10 kg-m/s)(2.998x 10° m/s) = 2.47x10°” J = 
(2.47x10° J eV/1.602x10°” J) = 1.54 eV 
-34 
(b) pat oe h A J-s 
A p 8.24x10™ kg- m/s 
EVALUATE: This wavelength is longer than visible wavelengths; it is in the infrared region of the 


electromagnetic spectrum. To check our result we could verify that the same E is given by Eq.(38.2), using the A 
we have calculated. 


=8.04x107 m=804 nm 


1 1 1 
IDENTIFY and SET UP: Balmer’s formula is Fi = a> — z} For the H y spectral line n=5. Once we have À, 
n 


calculate ffrom f =c/A and E from Eq.(38.2). 


EXECUTE: (a) l =r E =} RS) =a 21 } 
A 2 5 100 100 
Thus A= wes 190 = m=4.341x107 m= 434.1 nm. 
21R 21(1.097x10') 
c _ 2.998x10° m/s 


A 4341x107 m 


=6.906x10" Hz 


b) f= 


38-4 Chapter 38 


(©) E=hf =(6.626x10™ J-s)(6.90610" Hz) = 4.57610" J =2.856 eV 
EVALUATE: Section 38.3 shows that the longest wavelength in the Balmer series (H,) is 656 nm and the 
shortest is 365 nm. Our result for H, falls within this range. The photon energies for hydrogen atom transitions are 


in the eV range, and our result is of this order. 
38.16. IDENTIFY and SET UP: For the Lyman series the final state is n =1 and the wavelengths are given by 


e R Li , n=2,3,.... For the Paschen series the final state is n=3 and the wavelengths are given b 

pi E 7 g g y 
n 

1 1 1 qe Si : 

7 =R re 7 [n= 4,5,..... R=1.097x10' m™. The longest wavelength is for the smallest n and the shortest 
n 


wavelength is for n>. 


1 1 1 3R 4 
EXECUTE: Lyman Longest: =R = c= =121.5 nm. 
è A (> z) 4 3(1.097 x10’ m™) 

Shortest: l R Pa =R TERE E nm 

A lo 1.097 x10’ m™ 
Paschen_Longest: l =A 2 = |- ik A= 144 7 y =1875 nm. 

A 3 4 144 7(1.097x10' m`) 

Shortest: i =x( l l )- R 5 

A 3? o° 9 

he _ (6.63x10™ J - s) (3.00x108 m/s) 


=2.31x10" J=1.44eV. 


38.17. (a) E, = 
e A 8.60x107” m 


So the internal energy of the atom increases by 1.44 eV to E = —6.52 eV +1.44 eV = -5.08 eV. 


he _ (6.63x10™ J- s) (3.00x10° m/s) 
r 4.20x107 m 
So the final internal energy of the atom decreases to E =—2.68 eV — 2.96 eV =—5.64 eV. 
38.18. IDENTIFY and SET Up: The ionization threshold is at E=0. The energy of an absorbed photon equals the 
energy gained by the atom and the energy of an emitted photon equals the energy lost by the atom. 
EXECUTE: (a) AE=0-(-—20 eV) =20 eV 
(b) When the atom in the n= 1 level absorbs a 18 eV photon, the final level of the atom is n=4. The possible 
transitions from n= 4 and corresponding photon energies are n=4 4 n=3, 3eV; n=4—n=2, 8 eV; 


(b) E, = =4.74x10"" J =2.96 eV. 


n=4-—n=1, 18 eV. Once the atom has gone to the n =3 level, the following transitions can occur: 
n=3—>n=2, 5eV; n=3n=1, 15 eV. Once the atom has gone to the n = 2 level, the following transition 
can occur: n=2—n=1, 10 eV. The possible energies of emitted photons are: 3 eV, 5 eV, 8 eV, 10 eV, 15 eV, 


and 18 eV. 

(c) There is no energy level 8 eV higher in energy than the ground state, so the photon cannot be absorbed. 
(d) The photon energies for n=3 > n=2 and for n=3 — n=l1are 5 eV and 15 eV. The photon 

energy for n=4-—5n=3 is 3 eV. The work function must have a value between 3 eV and 5 eV. 


38.19. IDENTIFY and SET Up: The wavelength of the photon is related to the transition energy E,—E, of the atom by 
E,-E, = k where hc =1.240x10° eV-m. 


EXECUTE: (a) The minimum energy to ionize an atom is when the upper state in the transition has E =0, so 
1.240x10° eV. 
eR SO eV E Says 1 a om ad a roc 
73.86x10~ m 


E, =—-17.50 eV +16.79 eV =—0.71 eV . For n=4-—n=1, A4=75.63 nm and E, =-1.10 eV. For 

n=3—n=1, 2=79.76 nm and E, =-1.95 eV. For n=2n=1, 4=94.54 nm and E, =-4.38 eV. 
he 1.240x10° eV -m 

E-E,  3.28eV 


EVALUATE: The n=4— n=2 transition energy is smaller than the n=4—» n=1 transition energy so the 
wavelength is longer. In fact, this wavelength is longer than for any transition that ends in the n=1 state. 


(b) E-E, = E,- E, = -1.10 eV —(—4.38 eV) =3.28 eV and A= =378 nm 


Photons, Electrons, and Atoms 38-5 


38.20. 


38.21. 


38.22. 
38.23. 


38.24. 


38.25. 


(a) Equating initial kinetic energy and final potential energy and solving for the separation radius r, 

1 (92e) (2e)_ 1 (184) (1.6010 C) 
47, K Arte, (4.78x10° J/C) 
(b) The above result may be substituted into Coulomb’s law, or, the relation between the magnitude of the force 
and the magnitude of the potential energy in a Coulombic field is 
6 —19 
K _ (4.78x10° eV) co J/ev) =13.8N. 
r (5.54 10°" m) 


=5.54x1074 m. 


F= 


(a) IDENTIFY: Ifthe particles are treated as point charges, U = oe. 
me, r 
SETUP: q, =2e (alpha particle); q, =82e (gold nucleus); r is given so we can solve for U. 
(2)(82)(1.602x 10" C)? 
6.50x107™ m 
U =5.82x10™ J(1 eV/1.602x10™ J) =3.63x10° eV =3.63 MeV 


(b) IDENTIFY: Apply conservation of energy: K, +U, =K, +U,. 


EXECUTE: U =(8.987x10° N-m’/C’) =5.82x10” J 


SETUP: Let point 1 be the initial position of the alpha particle and point 2 be where the alpha particle 
momentarily comes to rest. Alpha particle is initially far from the lead nucleus implies 7, ~ and U,=0. Alpha 


particle stops implies K, =0. 
EXECUTE: Conservation of energy thus says K, =U, =5.82x10™ J=3.63 MeV. 
1 2K 2(5.82x10" 
Gks m eos, (OOD R 
2 m 6.64x10 kg 
EVALUATE: v/c =0.044, so it is ok to use the nonrelativistic expression to relate K and v. When the alpha 


particle stops, all its initial kinetic energy has been converted to electrostatic potential energy. 


(a), (b) For either atom, the magnitude of the angular momentum is 2 = 1.05x10™ kg- m? ih s. 
m 


IDENTIFY and SET UP: Use the energy to calculate n for this state. Then use the Bohr equation, Eq.(38.10), to 
calculate L. 


EXECUTE: E, =—(13.6 eV)/n?, so this state has n= J13.6/1.51 =3. In the Bohr model. L=nh so for this state 
L=3h =3.16x10™ kg-m’/s. 
EVALUATE: We will find in Section 41.1 that the modern quantum mechanical description gives a different 


result. 
13.6 eV 


2 
n 


energy change for the atom and 4 is the wavelength of the photon that is absorbed or emitted. 


h > 
IDENTIFY and SET Up: Fora hydrogen atom E, = AE= a , Where AE is the magnitude of the 


EXECUTE: AE=E,-—E, =—(13.6 vi-t) =+12.75 eV. 


he _ (4.136x10™" eV -s)(3.00x10* m/s) 
AE 12.75 eV 


A= =97.3nm. f = 5=3.08x10" Hz. 


2; 


IDENTIFY: The force between the electron and the nucleus in Be* is F = where Z =4 is the nuclear 


47, Pp? 


charge. All the equations for the hydrogen atom apply to Be** if we replace e° by Ze’. 
(a) SETUP: Modify Eq.(38.18). 


4 
EXECUTE: E, = we a (hydrogen) becomes 
€ on 
2\2 4 
E = 1 as ) -z 1 ue : -2'( ae x) (for Be”) 
& 8nh & 8rh n 


218 eV. 


. 13.60 eV 
The ground-level energy of Be* is E, = 1 a : J- 
EVALUATE: The ground-level energy of Be** is Z* =16 times the ground-level energy of H. 
(b) SET Up: The ionization energy is the energy difference between the n —> œ level energy and the n=1 level 
energy. 


38-6 Chapter 38 


EXECUTE: The n— œ level energy is zero, so the ionization energy of Be** is 218 eV. 
EVALUATE: This is 16 times the ionization energy of hydrogen. 


1 1 

Sait 7 just as for hydrogen but now R has a different value. 
mo Ny 

me* 

EXECUTE: R, =——,- =1.097x 10’ m™ for hydrogen becomes 


8e,h°c 


1 
SETUP: —=R 
(c) SET UP 7 


4 

ng = Z? S = 16(1.09710" m”) =1.755x10° m™ for Be”. 
8e,h°c 

1 1 


P 2 
A=4/(3R) =4/(3(1.755x10° m™*)) = 7.60x10° m = 7.60 nm. 


EVALUATE: This wavelength is smaller by a factor of 16 compared to the wavelength for the corresponding 
transition in the hydrogen atom. 


For n=2 to n=], =R J= 3R. 
A 


2H? 
(d) SET UP: Modify Eq.(38.12): r, = fo (hydrogen). 
ame 
rh 
 zm(Ze*) 
EVALUATE: For a given n the orbit radius for Be” is smaller by a factor of Z =4 compared to the 
corresponding radius for hydrogen. 
38.26. (a) We can find the photon’s energy from Eq. 38.8 
E= rer- 2) = (6.63x10™ J- s) (3.00x10° m/s) (1.097x10"m™') ( 


2 
n 


(Be**). 


EXECUTE: 1, =& 


1 1 


J2 oS 


)- 48x10” J.The 


E 
corresponding wavelength is À = i = 434 nm. 
c 


(b) In the Bohr model, the angular momentum of an electron with principal quantum number n is given by 


h 
Eq. 38.10: L= ipo Thus, when an electron makes a transition from n = 5 to n = 2 orbital, there is the following 
T 


loss in angular momentum (which we would assume is transferred to the photon): 
h _ 3(6.63x10™ J-s) _ 


AL=(2-5) 3.17x10™ J- s. 
2m 27 
However, this prediction of the Bohr model is wrong (as shown in Chapter 41). 
2 —19 2 
8807. stay Se Sag) oO Oe ete ioranls 


in 
& 2nh e2 (6.63x10™ J-s) 


h=2>, == 1.0910" m/s. h=3=>, =% =7.27x10 m/s. 


24,2 2 2.313 
(b) Orbital period = 27T, _ 2n a me Ain i 
v I/e,-e /2nh me 


n 


B 4e? (6.63x10™ J- s} 
(9.11x10™ kg) (1.60x10” C)* 
n=2: T, =T(2% =1.22x10" s. n=3: T, = TG) =4.13x10™" s. 


=1.53x107'% s 


n= 1 


-8 
(c) number of orbits = meas =82x10° 
1.22x10 ° s 
38.28. IDENTIFY and SETUP: E, =- 13 oe 
n 
EXECUTE: (a) E, =- SALAI and E =- 13.6 A 
(n+l) 
2 2 
AE =F, .~E, =(-13.6 eV)| — -< |=-03.6 ev) HD, 
(n+l) n (n?)(n +1) 
2n+1 2n 3 
AE = (13.6 eV) .———... Asn becomes large, AE — (13.6 eV)— = (13.6 eV)— 
(mn n+D P F 
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38.29. 


38.30. 


38.31. 


38.32. 


38.33. 


Thus AE becomes small as n becomes large. 

(b) r, =n"r, so the orbits get farther apart in space as n increases. 

IDENTIFY and SET Up: The number of photons emitted each second is the total energy emitted divided by the 
energy of one photon. The energy of one photon is given by Eq.(38.2). E = Pt gives the energy emitted by the 
laser in time t. 


EXECUTE: In 1.00 s the energy emitted by the laser is (7.50x10° W)(1.00 s)=7.50x10™ J. 


-34 8 
The energy of each photon is E = ses | ees ys) 
A 10.6x10° m 


=1.874x10 J. 


-3 
Therefore A 9 a 4.00x10'” photons/s 
1.874x10™™ J/photon 


EVALUATE: The number of photons emitted per second is extremely large. 

IDENTIFY and SET Up: Visible light has wavelengths from about 400 nm to about 700 nm. The energy of each 
he _1.99x10™ J-m 
A A 
number of photons N times the energy E of each photon. 

EXECUTE: (a) 193 nmis shorter than visible light so is in the ultraviolet. 


(b) E=% =1.03x10" J=6.44 eV 


photon is E=hf = 


. The power is the total energy per second and the total energy E,,, is the 


-3 -9 
@ 2 Ea _ NE swo N= Pt (1.50x10 P s) 
t t E 1.03x107° J 


EVALUATE: A very small amount of energy is delivered to the lens in each pulse, but this still corresponds to a 
large number of photons. 


=1.75x10" photons 


IDENTIFY: Apply Eq.(38.21); Zs =e)!" 


3p 


SETUP: From Fig.38.24a in the textbook, E., = 20.66 eV and E;, =18.70 eV 


EXECUTE: E,, — E, , = 20.66 eV -18.70 eV =1.96 eV(1.602x10™ J/1 eV) =3.140x10 J 


P 
n. (3 -19 23 a 3 
(a) Ss = gp G140x10"? M380? VKBOK)I — 9-75-79 1 91073 
nz, 
n. 4 -19 3 si: 3 S 
(b) 58 g7 140x10 DM 38x10 NKX600 K)] — 9-37.90 -3 5x107 
np 
n (3 -19 —23 2 a 
(c) Ss g7 140x107? 38x0 WKI1200 K] — 071895 — 5 9x10 
nz, 


(d) EVALUATE: At each of these temperatures the number of atoms in the 5s excited state, the initial state for the 
transition that emits 632.8 nm radiation, is quite small. The ratio increases as the temperature increases. 


n 
2P e` Ern Pary) /KT 
MR, 


he _ (6.626x10™ J)(3.000x 10° m/s) 


From the diagram AE,,,_, = =3.375x10 J. 


i 5.890107 m 
; -34 8 
Hii i = OSLO Oa M/S) _ 3371x10- J. so AEy 1), =3.375X10- J—3.371x10 J= 
is 5.896107 m 


n E z 
E 2P, = 22 23 ‘ ‘ 
4.00 107? J, 222 = 400x107 D/438x10™ 1/K-500K). L 0.944, So more atoms are in the 2Py2 state. 


Nop, 


he 
CV = hf ox = A 


_ he _ (6.63x10™ J-s)(3.00x10* m/s) 
mn eV o (1.60x 10" C)(4000 V) 


This is the same answer as would be obtained if electrons of this energy were used. Electron beams are much more 
easily produced and accelerated than proton beams. 


x =3.11x10" m 
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38.34. 


38.35. 


38.36. 


38.37. 


38.38. 


38.39. 


IDENTIFY and SET UP: k =eV , where / is the wavelength of the x ray and V is the accelerating voltage. 


he _ (6.63x10™ J-s)(3.00x10* m/s) 
eA (1.60X10" C)(0.150x10° m) 


he _ (6.63x10™ J-s)(3.00x10* m/s) 
eV (1.60x10™ C)(30.0x10° V) 
(c) No. A proton has the same magnitude of charge as an electron and therefore gains the same amount of kinetic 
energy when accelerated by the same magnitude of potential difference. 

IDENTIFY: The initial electrical potential energy of the accelerated electrons is converted to kinetic energy which 
is then given to a photon. 

SET UP: The electrical potential energy of an electron is eVac, where Vac is the accelerating potential, and the 
energy of a photon is hf. Since the energy of the electron is all given to a photon, we have eVac = hf. For any wave, 
faz=v. 

EXECUTE: (a) @Vac = hfmnin gives 

fain = CVaSh = (1.60 x 10™ C)(25,000 V)/(6.626 x 10™ J-s) = 6.037 x 10'* Hz 


= 6.04 x 10'* Hz, rounded to three digits 
(b) Amin = /fnax = (3.00 x 10° m/s)/(6.037 x 10" Hz) = 4.97 x 107! m = 0.0497 nm 
(c) We assume that all the energy of the electron produces only one photon on impact with the screen. 
EVALUATE: These photons are in the x-ray and y-ray part of the electromagnetic spectrum (see Figure 32.4 in the 
textbook) and would be harmful to the eyes without protective glass on the screen to absorb them. 


EXECUTE: (a) V= =8.29 kV 


(b) A= =4.14x10'' m=0.0414 nm 


h 
IDENTIFY and SET Up: The wavelength of the x rays produced by the tube is give by a =eV. 


j h h £ . hc 
A =A+—(1-cos@). —-=2.426x10°" m . The energy of the scattered x ray is a : 
mc 


mc , 
he _ (6.63x10™ J-s)(3.0010* m/s) 


-= ; =6.91x10™"' m=0.0691 nm 
eV (1.60x10™ C)(18.0x10° V) 


EXECUTE: (a) A= 


b) AV’ =A+ h (1—cos@) =6.91x10"" m+ (2.426x10™° m)(1— cos 45.0°) . 
mc 


A =6.98x10"' m = 0.0698 nm. 


© E= he _ (4.136x10™ eV -s)(3.00x10* m/s) 
X 6.98x107'' m 
EVALUATE: The incident x ray has energy 18.0 keV. In the scattering event, the photon loses energy and its 


wavelength increases. 


=17.8 keV 


IDENTIFY: Apply Eq.(38.23): X -4 = 4 (1—cos¢) = A,.(1—cos@) 
mc 


SETUP: Solve for 2’: 2’=2+A,(1-cos@) 

The largest 2’ corresponds to ø =180°, so cos =-1. 

EXECUTE: 4’=1+2A, =0.0665x10° m+2(2.426x10° m)=7.135x10"'' m=0.0714 nm. This wavelength 
occurs at a scattering angle of ø =180°. 


EVALUATE: The incident photon transfers some of its energy and momentum to the electron from which it 
scatters. Since the photon loses energy its wavelength increases, A’ > A. 


(a) From Eq. (38.23), cosø =1-— a , and so AA = 0.0542 nm — 0.0500 nm, 
(h/mc) 
CO ee a Se YS 
0.002426 nm 
(i) ALS O57 nn 0.0300 T e E 0138 panne 
0.002426 nm 


(c) AX=0, the photon is undeflected, cos@=1 and ¢=0. 


$ h 2. 
IDENTIFY and SET UP: The shift in wavelength of the photon is A — A =— (1— cos) where 1’ is the 
mc 


wavelength after the scattering and a =A, =2.426x10"" m. The energy of a photon of wavelength 4 is 
mc 
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38.40. 


38.41. 


38.42. 


38.43. 


38.44. 


38.45. 


38.46. 


38.47. 


he _1.24x10° eV-m 
A A 

equals the energy gained by the electron. 

EXECUTE: (a) X -4 = 4 (1 -cosġ) = (2.426x10°"” m)(1—cos35.0°) = 4.3910? m=4.39x107 nm 
(b) A =14+4.39x10* nm = 0.04250 nm+4.39x10~ nm = 0.04294 nm 


he 


(© E, =—=2.918x10* eV and E, = fe =2.888x10* eV so the photon loses 300 eV of energy. 
aa 5y p 8y 


E= 


. Conservation of energy applies to the collision, so the energy lost by the photon 


(d) Energy conservation says the electron gains 300 eV of energy. 
The change in wavelength of the scattered photon is given by Eq. 38.23 
An h h 
— =—— (1-cos A= 1—cos@). 
A mà i P) mel a) ( 9) 


r 


(6.63x10™ J-s) 
(1.6710 kg)(3.00 10° m/s)(0.100) 
The derivation of Eq.(38.23) is explicitly shown in Equations (38.24) through (38.27) with the final substitution of 


p =h/N and p=h/d yielding X -à = Hia cos¢@). 
mc 


Thus, À= (1+1)=2.65x10" m. 


3 
From Eq. (38.30), (a) A,, = oe = K- 0.966 mm, and f = a = 3.10x10'' Hz. Note that a more precise 
value of the Wien displacement law constant has been used. 


(b) A factor of 100 increase in the temperature lowers /,, by a factor of 100 to 9.66 “zm and raises the frequency 


m 


by the same factor, to 3.10x10'* Hz. 
(c) Similarly, 1, =966 nm and f = 3.1010" Hz. 
(a) H = AeoT*; A=ar'l 


r-[ H )- -( 100 W | 
Aeo 22(0.2010™ m)(0.30 m)(0.26)(5.671x 10% W/m? -K*) 

T =2.06x10° K 

(b) à T =2.90x10° m-K; 4,,=1410nm 


Much of the emitted radiation is in the infrared. 
a 2.90x10° m-K _ 2.90x10° m-K 


= =— =7.25x10° K. 
An 400x10” m 
IDENTIFY and SET UP: The wavelength 4, where the Planck distribution peaks is given by Eq.(38.30). 
-3 
Execute: 4, = 22010 mK L1 96x10? m=1.06 mm. 
2.728 K 


EVALUATE: This wavelength is in the microwave portion of the electromagnetic spectrum. This radiation is often 
referred to as the “microwave background” (Section 44.7). Note that in Eq.(38.30), T must be in kelvins. 
IDENTIFY: Since the stars radiate as blackbodies, they obey the Stefan-Boltzmann law and Wien’s displacement 
law. 
SET Up: The Stefan-Boltzmann law says that the intensity of the radiation is 7 = oT *, so the total radiated power 
is P = oAT*. Wien’s displacement law tells us that the peak-intensity wavelength is An = (constant)/T. 
EXECUTE: (a) The hot and cool stars radiate the same total power, so the Stefan-Boltzmann law gives 0A,T; = 
OATS => AnR, Tt = 4nR TÅ = An(3R,) TÅ Th, =9T* T, = TN3 = 1.7T, rounded to two significant digits. 
(b) Using Wien’s law, we take the ratio of the wavelengths, giving 

A,,(hot) T, T 1 


A,(cool) T, TV3 V3 
EVALUATE: Although the hot star has only 1/9 the surface area of the cool star, its absolute temperature has to be 
only 1.7 times as great to radiate the same amount of energy. 
(a) Let @=hc/kT. To find the maximum in the Planck distribution: 
ddf 2rhè \_  . (2ahc?) — 2mhe?(-a/2”) 
dy dr\ N (e*t -1) Me —-1) Ae -1)? 


0.58, rounded to two significant digits. 


-Dr=a > -5e +5=a0/2 => Solve 5-x= 5e" E EER 
A kT 


>- 5(e” 
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38.48. 


38.49, 


38.50. 


38.51. 


= he 

(4.965)kT ` 

he _ (6.63x10™* J-s)(3.00 10° m/s) 
(4.965)k (4.965)(1.38x10° J/K) 
IDENTIFY: Since the stars radiate as blackbodies, they obey the Stefan-Boltzmann law. 
SET Up: The Stefan-Boltzmann law says that the intensity of the radiation is 7 = oT f, so the total radiated power 
is P = oAT*. 
EXECUTE: (a) I= oT* = (5.67 x 10° W/m? - K4 )(24,000 K)f = 1.9 x 10'° W/m? 
(b) Wien’s law gives Amn = (0.00290 m- K )/(24,000 K) = 1.2 x 10” m = 120 nm 
This is not visible since the wavelength is less than 400 nm. 
(c) P = AI = 4nR° = P/I = (1.00 x 10” W)/(1.9 x 10° W/m’) 
which gives Rsrius = 6.51 X 10° m = 6510 km. 
Rsiriu/Rsun = (6.51 X 10° m)/(6.96 x 10° m) = 0.0093, which gives 

Rsirius = 0.0093 Roun = 1% Roun 
(d) Using the Stefan-Boltzmann law, we have 
Piss SOMITE 2 ARTE, ORS YT) Bah RV BROOK a 
Pos FAscaTrin RaT a G Riu fae co x) 
EVALUATE: Even though the absolute surface temperature of Sirius B is about 4 times that of our sun, it radiates 
only 1/39 times as much energy per second as our sun because it is so small. 
2 2 

ales but e” =1+x+% += 14x for 
(e -1) 2 

2ahc* _ 2ackT 
 (Ac/ AKT) A 
k _ 2.90x10° K -m 
Too ™ 30,000 K 
This peak is in the ultraviolet region, which is not visible. The star is blue because the largest part of the visible 
light radiated is in the blue/violet part of the visible spectrum 


(b) P=0AT* (Stefan-Boltzmann law) 


Its root is 4.965, so =4.965> 1 


(b) 2,7 = =2.90x107 m-K. 


Eq. (38.32): IW)=— 


xK1> (A) = = Eq. (38.31), which is Rayleigh’s distribution. 


(a) Wien’s law: àn = =9.7x10°m=97 nm 


(100, 000)(3.86x10°° W) = (s7 x10 Z) (47R’ (30,000 K)* 
m 


Kt 
R=8.2x10° m 
Ra /Re = 8.2x10 m _ 
sa sm  6.96x10° m 


(c) The visual luminosity is proportional to the power radiated at visible wavelengths. Much of the power is 
radiated nonvisible wavelengths, which does not contribute to the visible luminosity. 
IDENTIFY and SET Up: Use c= f/ to relate frequency and wavelength and use E =hf to relate photon energy 


and frequency. 
EXECUTE: (a) One photon dissociates one AgBr molecule, so we need to find the energy required to dissociate a 


single molecule. The problem states that it requires 1.00x10° J to dissociate one mole of AgBr, and one mole 
contains Avogadro’s number (6.02x10”) of molecules, so the energy required to dissociate one AgBr is 
1.00x10° J/mol 
6.0210” molecules/mol 
The photon is to have this energy, so E =1.66x10~ J(1eV/1.602x10™ J) =1.04 eV. 


—34 8 
a pale vf paH Eao J-s)(2.998x10° m/s) 


=1.66x10"" J/molecule. 


=1.20x10° m=1200 nm 


1.66x10® J 
c 2.998x10° m/s 
oc c=fa =—= =2.50x10" H 
ame eae = me eT en 7 


(d) E=hf =(6.626x10™ J-s)(100x10° Hz) = 6.63x10™ J 
E =6.63x10™ J(1 eV/1.602x10™ J) =4.14x107 eV 
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(e) EVALUATE: A photon with frequency f =100 MHz has too little energy, by a large factor, to dissociate a 


AgBr molecule. The photons in the visible light from a firefly do individually have enough energy to dissociate 
AgBr. The huge number of 100 MHz photons can’t compensate for the fact that individually they have too little 


energy. 
h h 
38.52. (a) Assume a non-relativistic velocity and conserve momentum => mv = y= a 
m 
2 2 
(b) K= dam? Jnl L al ee 
2, 2 mÀ 2mnr 
K k i ; f : Stade 
(c) . Recoil becomes an important concern for small m and small / since this ratio 


E J 2m}? he z 2mch 
becomes large in those limits. 
, -34 T, 8 

(d) E=102eV>)= he _ (6.63x10 "J DOO m/s) 

E (10.2 eV)(1.60 107" J/eV) 

= (6.63x10™ J - s}? 

2(1.67x10” kg)(1.22x1077 m}? 
K _5.53x10* eV 
E 10.2 eV 


=1.22x107 m=122 nm. 


=8.84x10” J=5.53x10°% eV. 


=5.42x10°. This is quite small so recoil can be neglected. 


38.53. IDENTIFY and SETUP: f =~. The (f,V,)values are: (8.20x10' Hz, 1.48 V), (7.4110! Hz, 1.15 V), 
A 


(6.88x10'* Hz, 0.93 V), (6.10x10'* Hz, 0.62 V), (5.49x10"* Hz, 0.36 V), (5.18x10'* Hz, 0.24 V). The graph 
of V, versus fis given in Figure 38.53. 

EXECUTE: (a) The threshold frequency, f, , is where V,=0. From the graph this is f, = 4.5610" Hz . 

c _ 3.00x10° m/s 
f, 456x10" Hz 
(© 4 =hf, =(4.136x10- eV -s)(4.56x10'* Hz) =1.89 eV 


(b) A, = = 658 nm 


(d) eV, =hf —@so V = pi @. The slope of the graph is G 
e 


e 


8.20x10'* Hz—5.18x10'* Hz 
h= (4.11x10™ V/Hz)(1.60x107 C) =6.58x10™ J-s. 


e 


*( 148 VS OPEN JEsi” V/Hz and 


Vo (volts) 
1.60 
1.40 
1.20 
1.00 
0.80 
0.60 
0.40 


0.20 104 H 
5.0 6.0 7.0 8.0 90 l. 2) 


Figure 38.53 


dN (dE/dt) _ P _ (200 W)(0.10) 
dt (dE/dN) hf h(5.00x10" Hz) 


(b) Demand al ei =1.00x10"' photons / sec- cm”. 
mr 


38.54. (a) 


= 6.0310" photons/sec. 


6.0310" photons /sec 
47(1.00x10'' photons/sec - cm’) 
38.55. (a) IDENTIFY: Apply the photoelectric effect equation, Eq.(38.4). 

SETUP: eV, =hf —¢=(hc/A)—4¢. Call the stopping potential V, for A and V, for A. Thus 


eV,, =(he/A,)—@ and eV, =(hc/A,)—¢. Note that the work function @ is a property of the material and is 
independent of the wavelength of the light. 


1/2 
Therefore, r= = 6930 cm = 69.3 m. 


EXECUTE: Subtracting one equation from the other gives e(Vj. —Vo,) = be Ate } 
r72 
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38.56. 


38.57. 


38.58. 


38.59. 


(b) AV, = 


(6.62610 J-s)(2.998x10* m/s)( 295x10° m—265x10° m 
1.602x10 C (295x10° m)(265x10° m) 


EVALUATE: eAV,, which is 0.476 eV, is the increase in photon energy from 295 nm to 265 nm. The stopping 


) =0.476 V. 


potential increases when 4 deceases because the photon energy increases when the wavelength decreases. 
IDENTIFY: The photoelectric effect occurs, so the energy of the photon is used to eject an electron, with any 
excess energy going into kinetic energy of the electron. 
SET Up: Conservation of energy gives hf = hc/A = Kmax + @. 
EXECUTE: (a) Using hc/A = Kmax + @ we solve for the work function: 
b= hc/A = Kinax = (4.136 x 107? eV -s )(3.00 x 10° m/s)/(124 nm) — 4.16 eV = 5.85 eV 
(b) The number N of photoelectrons per second is equal to the number of photons per second that strike the metal 
per second. N x (energy of a photon) = 2.50 W. N(hc/A) = 2.50 W. 
N = (2.50 W)(124 nm)/[(6.626 x 10°" J-s )(3.00 x 10° m/s)] = 1.56 x 10'* electrons/s 
(c) N is proportional to the power, so if the power is cut in half, so is N, which gives 
N = (1.56 x 10"? el/s)/2 = 7.80 x 10" el/s 

(d) If we cut the wavelength by half, the energy of each photon is doubled since E = hc/A. To maintain the same 
power, the number of photons must be half of what they were in part (b), so N is cut in half to 7.80 x 10" el/s. We 
could also see this from part (b), where N is proportional to À. So if the wavelength is cut in half, so is N. 
EVALUATE: In part (c), reducing the power does not reduce the maximum kinetic energy of the photons; it only 
reduces the number of ejected electrons. In part (d), reducing the wavelength does change the maximum kinetic 
energy of the photoelectrons because we have increased the energy of each photon. 
IDENTIFY and SET Up: The energy added to mass m of the blood to heat it to T, =100 °C and to vaporize it is 
Q=mc(T, -T,)+mL,, with c= 4190 J/kg-K and L, =2.256x10° J/kg. The energy of one photon is 
he _1.99x10” J-m 
A A 
EXECUTE: (a) Q=(2.0x10° kg)(4190 J/kg - K)(100°C — 33°C) + (2.0x 10° kg)(2.256x10° J/kg) = 5.07x10° J 
The pulse must deliver 5.07 mJ of energy. 
(b) P= energy _ SUES J 

t 450x10° s 


E= 


=11.3 W 


hc _1.99x10™ J. m 
A  585x10° m 


(c) One photon has energy E= =3.40x10™" J. The number N of photons per pulse is the 


5.07x10° J 
3.40x10°” J/photon 


energy per pulse divided by the energy of one photon: N = =1.49x10'° photons 


h > 
(a) A, = ee and the wavelengths are: cesium: 590 nm, copper: 264 nm, potassium: 539 nm, zinc: 288 nm. 


b) The wavelengths of copper and zinc are in the ultraviolet, and visible light is not energetic enough to overcome 
the threshold energy of these metals. 
mm, 207m,m, 


(a) IDENTIFY and SET UP: Apply Eq.(38.20): m, = 
m+m, 207m, +m, 


in = 2079-10910" kg)(1.673x10” kg) 
‘~~ 207(9.109x 10! kg) + 1.673x107" kg 


We have used m, to denote the electron mass. 


EXECUTE: =1.69x10 kg 


1 m,e“ 
6 8n°h? 


(b) IDENTIFY: In Eq.(38.18) replace m=m, by m,:E, =- 


4 4 
SETUP: Write as £, -| M I : Mat } since we know that Es =u =13.60 eV. Here m, denotes the 
My 6 8h 6 8 


reduced mass for the hydrogen atom; m,, = 0.99946(9.109x10~' kg) =9.104x10™' kg. 


EXECUTE: E (2 I 13.60 x) 


n 2 
My n 


qos 1.69x10* kg 


= (-13.60 eV) = 186(-13.60 eV) = -2.53 keV 
9.104x10™ kg 
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(c) SET UP: From part (b), E, -| is [- ct) where R, = 1.09710’ m™ is the Rydberg constant for the 


hydrogen atom. Use this result in “= E,- E, to find an expression for 1/A. The initial level for the transition is 


the n, =2 level and the final level is the n y =] level. 


EXECUTE: z Al Rach | ae) 


l m 1 1 
My n n 


1 1.69x10™ kg 
A 9.104x10™ kg 


A =0.655 nm 
EVALUATE: From Example 38.6 the wavelength of the radiation emitted in this transition in hydrogen is 122 nm. 


(1.097 x10’ m`) eA =1.527x10° m“ 
v 2 


2 


The wavelength for muonium is Pa — 5.39x10° times this. The reduced mass for hydrogen is very close to the 
m, 


T 


electron mass because the electron mass is much less then the proton mass: m, /m, =1836. The muon mass is 


207m, =1.886x10-* kg. The proton is only about 10 times more massive than the muon, so the reduced mass is 


somewhat smaller than the muon mass. The muon-proton atom has much more strongly bound energy levels and 
much shorter wavelengths in its spectrum than for hydrogen. 
38.60. (a) The change in wavelength of the scattered photon is given by Eq. 38.23 


Ve seg) AEN h q cos¢) = 
mc mc 
(6.63x10™ J-s) 

(9.11x10*' kg)(3.00x10* m/s) 


(b) Since the collision is one-dimensional, the magnitude of the electron’s momentum must be equal to the 
magnitude of the change in the photon’s momentum. Thus, 


p= t-75) = 663x109 l + l Joo" m 
AoA 0.0781 0.0830 
=1.65x10™ kg-m/s = 2x10 kg-m/s. 


(0.0830x 10° m) 


(1+1) =0.0781 nm. 


2 
(©) Since the electron is non relativistic (8 = 0.06), K, = - e =1.49x10™ J=10" J. 
m 


38.61. IDENTIFY and SETUP: %=4+ H —cosġ) 
mc 


~=180° so V=A+ au = 0.09485 m. Use Eq.(38.5) to calculate the momentum of the scattered photon. Apply 
mc 


conservation of energy to the collision to calculate the kinetic energy of the electron after the scattering. The 
energy of the photon is given by Eq.(38.2), 
EXECUTE: (a) p'=h/X =6.99x10™ kg: m/s. 


(b) E= E+E; hclA=helN +E, 


E,= he d z) =(hc) é =a =1.129x107'° J=705 eV 
A A AA 
EVALUATE: The energy of the incident photon is 13.8 keV, so only about 5% of its energy is transferred to the 
electron. This corresponds to a fractional shift in the photon’s wavelength that is also 5%. 
2h , 
38.62. (a) ø =180° so (1—cos@) = 2 = AA = — = 0.0049 nm, so 4’ = 0.1849 nm. 


mc 


(b) AE = ie( — 5) =2.93x10" J=183 eV. This will be the kinetic energy of the electron. 


(c) The kinetic energy is far less than the rest mass energy, so a non-relativistic calculation is adequate; 
v=/2K/m =8.02x10° m/s. 
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38.63. 


38.64. 


38.65. 


38.66. 


IDENTIFY and SET Up: The H, line in the Balmer series corresponds to the n=3to n= 2 transition. 


13.6eV hc 
pee K ee 
n A 
1 
EXECUTE: (a) The atom must be given an amount of energy E, — E, =—(13.6 vi -= z) =12.1eV. 


he 


(b) There are three possible transitions. n=3—n=1: AE =12.1 eV and A= AE =103 nm; 


1 


a9} ah ev and A=657 nm; n=2>n=l1: 


n=3—>n=2: AE= a36 ev)( 


AE =-(13.6 va-r )=102 eV and A=122 nm. 
M, _ eee -E, ) JkT z (Ex T: E,) 
n kin(n,/n, ) 
E = E,= ee 3.4eV. E, =—13.6eV. E,, —E, =10.2 eV =1.63x10-" J. 
2 -18 
(a) 2=10". T= — D -z =4275K. 
n, (1.38x10” J/K) In(10"*) 
_ -18 
a eek 
n, (1.38x10” J/K) In(10*) 
aa -18 
(1.63x10" J) eae 


Ny Dio T= 
9 n, one (1.38x10” J/K) In(10™) 
(d) For absorption to take place in the Balmer series, hydrogen must start in the n=2 state. From part (a), colder 
stars have fewer atoms in this state leading to weaker absorption lines. 
(a) IDENTIFY and SET UP: The photon energy is given to the electron in the atom. Some of this energy 
overcomes the binding energy of the atom and what is left appears as kinetic energy of the free electron. Apply 
hf = E, — E,, the energy given to the electron in the atom when a photon is absorbed. 


he _ (6.626x10™ J-s)(2.998x10* m/s) 
85.5x10° m 


EXECUTE: The energy of one photon is 


5 = 2.323x107'8 J(1 eV/1.602x10™ J) =14.50 eV. 


The final energy of the electron is E, = E, + hf. In the ground state of the hydrogen atom the energy of the electron 
is E, =—13.60 eV. Thus E, =—13.60 eV + 14.50 eV = 0.90 eV. 


(b) EVALUATE: At thermal equilibrium a few atoms will be in the n=2 excited levels, which have an energy of 
—13.6 eV/4=—3.40 eV, 10.2 eV greater than the energy of the ground state. If an electron with E =—3.40 eV 
gains 14.5 eV from the absorbed photon, it will end up with 14.5 eV — 3.4 eV =11.1 eV of kinetic energy. 
IDENTIFY: The diffraction grating allows us to determine the peak-intensity wavelength of the light. Then 
Wien’s displacement law allows us to calculate the temperature of the blackbody, and the Stefan-Boltzmann law 
allows us to calculate the rate at which it radiates energy. 

SET Up: The bright spots for a diffraction grating occur when d sin 9= mA. Wien’s displacement law is 


2.90x10°m-K 


Apak = a a, and the Stefan-Boltzmann law says that the intensity of the radiation is 7 = oT *, so the 


total radiated power is P = oAT*. 
EXECUTE: (a) First find the wavelength of the light: 
A=d sin @= [1/(385,000 lines/m)] sin(11.6°) = 5.22 x 107 m 
Now use Wien’s law to find the temperature: T = (2.90 x 10° m-K )/(5.22 x 10” m) = 5550 K. 
(b) The energy radiated by the blackbody is equal to the power times the time, giving 
U = Pt = IAt = OAT “t, which gives 
t = UKOAT*) = (12.0 x 10° JV/[(5.67 x 10° W/m? -K*)(42)(0.0750 m)(5550 K)*] = 3.16 s. 
EVALUATE: By ordinary standards, this blackbody is very hot, so it does not take long to radiate 12.0 MJ of 
energy. 
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38.67. 


38.68. 


38.69. 


IDENTIFY: Assuming that Betelgeuse radiates like a perfect blackbody, Wien’s displacement and the Stefan- 
Boltzmann law apply to its radiation. 


oo) 
SET UP: Wien’s displacement law is Å sa = A 


peak = , and the Stefan-Boltzmann law says that the 


intensity of the radiation is 7 = oT *, so the total radiated power is P = oAT*. 
EXECUTE: (a) First use Wien’s law to find the peak wavelength: 


Am = (2.90 x 10° m-K )/(3000 K) = 9.667 x 10” m 
Call N the number osf photons/second radiated. N x (energy per photon) = JA = oAT“. 
A,0AT* 
he ` 
_ (9.66710 m)(5.67x10® W/m? - K*)(477)(600x 6.96x 10° m)?’ (3000 K)* 
(6.626x10™ J-s)(3.00x10° m/s) 


N (hc/Am) = OAT*. N= 


N 


N=5x 10” photons/s. 


(by BA IATa _ ART (on ) = Ky E 
IA OAT} 4aRTS R, 5800 K 

EVALUATE: Betelgeuse radiates 30,000 times as much energy per second as does our sun! 

IDENTIFY: The blackbody radiates heat into the water, but the water also radiates heat back into the blackbody. 

The net heat entering the water causes evaporation. Wien’s law tells us the peak wavelength radiated, but a 

thermophile in the water measures the wavelength and frequency of the light in the water. 


d 
SET UP: By the Stefan-Boltzman law, the net power radiated by the blackbody is 2 = SA( Téren — Tii) . Since 
t 
. . . dQ dm spaced ee . 
this heat evaporates water, the rate at which water evaporates is —= L, ae Wien’s displacement law is 
t 
2.90x10°m-K 
An = eee , and the wavelength in the water is Ay = Ap/n. 
d d 
EXECUTE: (a) The net radiated heat is 2 = SA( Téo — Tiie) and the evaporation rate is 2 = Ly , where 
t t t 


sphere — * water 


; ag a ; : dm 
dm is the mass of water that evaporates in time dt. Equating these two rates gives L, aE. = A(T; T? ) ; 
t 


dm o(4nR (T frer = Taa) 
dt L, Í 
5.67x10® W/m’ - K*)(47)(0.120 m)*| (498 K)* — (373K)* 
dm _( any - A a err: kg/s = 0.193 g/s 
dt 2256x10° J/Kg 


(b) (i) Wien’s law gives An = (0.00290 m- K )/(498 K) = 5.82 x 10°m 
But this would be the wavelength in vacuum. In the water the thermophile organism would measure Ay = Ap/n = 
(5.82 x 10° m)/1.333 = 4.37 x 10° m= 4.37 um 
(ii) The frequency is the same as if the wave were in air, so 
f = c/^ = (3.00 x10? m/s)/(5.82 x 10% m) = 5.15 x 10'° Hz 


c/n 


EVALUATE: An alternative way is to use the quantities in the water: f = = c/A, which gives the same 


»/n 
answer for the frequency. An organism in the water would measure the light coming to it through the water, so the 
wavelength it would measure would be reduced by a factor of 1/n. 
IDENTIFY: The energy of the peak-intensity photons must be equal to the energy difference between the n = 1 
and the n = 4 states. Wien’s law allows us to calculate what the temperature of the blackbody must be for it to 
radiate with its peak intensity at this wavelength. 

13.6 eV 


2 
n 


SET Up: In the Bohr model, the energy of an electron in shell n is E, =— , and Wien’s displacement law 


-3 
s 4 = 290x10°m:-K 


mT 


. The energy of a photon is E = hf = hc/A. 


EXECUTE: First find the energy (AE) that a photon would need to excite the atom. The ground state of the atom 
is n = 1 and the third excited state is n = 4. This energy is the difference between the two energy levels. Therefore 
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2 


AE = (—13.6 eV) 2E = 12.8 eV. Now find the wavelength of the photon having this amount of energy. 
Yor 


hc/A = 12.8 eV and 
A= (4.136 x 10° eV -s )(3.00 x 10° m/s)/(12.8 eV) = 9.73 x10° m 

Now use Wien’s law to find the temperature. T = (0.00290 m- K )/(9.73 x 10° m) = 2.98 x 10° K. 

EVALUATE: This temperature is well above ordinary room temperatures, which is why hydrogen atoms are not in 

excited states during everyday conditions. 
38.70. IDENTIFY and SET UP: Electrical power is VI. Q=mcAT. 

EXECUTE: (a) (0.010)V/ = (0.010)(18.0x10° V)(60.0x10° A) =10.8 W =10.8 J/s 

(b) The energy in the electron beam that isn’t converted to x rays stays in the target and appears as thermal energy. 
Q 1.07x10° J 


For ¢=1.00s, Q = (0.990)VI (1.00 s)=1.07x10° J and AT = 
me (0.250 kg)(130 J/kg K) 


=32.9K. The 


temperature rises at a rate of 32.9 K/s. 
EVALUATE: The target must be made of a material that has a high melting point. 

38.71. IDENTIFY: Apply conservation of energy and conservation of linear momentum to the system of atom plus 
photon. 
(a) SETUP: Let E, be the transition energy, E, be the energy of the photon with wavelength X, and E, be 
the kinetic energy of the recoiling atom. Conservation of energy gives E,, +E, = E, 

Ey = us so he =E,-—E, and = ia 

A A 
EXECUTE: Ifthe recoil energy is neglected then the photon wavelength is 4 = hc/ E,- 


a ee aai es 
E,—E, Eş E; 1-E,/E,, 


-1 
l =| 1 = =|+ k: since E, <1 
1- E, / E; E 


(We have used the binomial theorem, Appendix B.) 


p 


fe Hr 


tr tr 


Thus ats E, , or since E, =he/A, AA = E A 
E\E he 


tr tr 


SETUP: Use conservation of linear momentum to find E, : Assuming that the atom is initially at rest, the 
momentum p, of the recoiling atom must be equal in magnitude and opposite in direction to the momentum 


Pp =h/A of the emitted photon: h/A = p,. 

p k 
—, where m is the mass of the atom, so E, = —,. 

2m 2mAa 


2 2 
Use this result in the above equation: A/ = | 2 je -| & | j- = 


EXECUTE: E= 


r 


he 2mA* | he) 2me’ 
note that this result for AA is independent of the atomic transition energy. 
h 6.626x10™ J-s 
2m,c  2(1.673x10” kg)(2.998x10* m/s) 
EVALUATE: The correction is independent of n. The wavelengths of photons emitted in hydrogen atom 


(b) For a hydrogen atom m=m, and AA= =6.61x10°° m 


transitions are on the order of 100 nm =107” m, so the recoil correction is exceedingly small. 
38.72. (a) AA, =(h/mc)(1—cos6,), Aà, = (h/mc)(—cos@,), and so the overall wavelength shift is 
Ah = (h/mc)(2 —cos@, — cos 0,). 
(b) For a single scattering through angle 0, AA, = (h/mc)(1—cos@). For two successive scatterings through an 


angle of 0/2 for each scattering, 
Ah, = 2(h/mc)(1—cos6/2). 


1-cos6 = 2(1—cos*(/2)) and AA, = (h/mc)2(1—cos?(6/2)) 
cos(6/2) <1so1—cos*(@/2) = (1—cos(@/2)) and Ad, 2 Ar, 
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38.73. 


38.74. 


38.75. 


Equality holds only when 0 =180°. 

(c) (h/mc)2(1- cos30.0°) = 0.268(h/mc). 

(d) (h/mc)(1 — cos 60°) = 0.500(h/mc), which is indeed greater than the shift found in part (c). 

IDENTIFY and SET UP: Find the average change in wavelength for one scattering and use that in AA in 

Eq.(38.23) to calculate the average scattering angle ¢. 

EXECUTE: (a) The wavelength of a 1 MeV photon is 

Az he _ (4.136x10" eV -s)(2.998x10* m/s) 
E 1x10° eV 

The total change in wavelength therefore is 50010 m—1x10"'* m =500x10° m. 


=1x10"? m 


If this shift is produced in 10°° Compton scattering events, the wavelength shift in each scattering event is 
500x10° m 


1x10” =5x10° m. 


(b) Use this AA in AA= HG —cos@) and solve for ø. We anticipate that ø will be very small, since AA is 
mc 


much less than A/mc, so we can use cos@ = 1—¢7/2. 


Ma" Gsa=g iy e 
mc 2mc 


_ | 26x10 m) 
(h/mc) 2.426x10°" m 
@ in radians is much less than 1 so the approximation we used is valid. 


(c) IDENTIFY and SET UP: We know the total transit time and the total number of scatterings, so we can calculate 
the average time between scatterings. 


EXECUTE: The total time to travel from the core to the surface is (10° y)(3.156X10’ s/y) =3.2x10" s. There are 
3.2x10" s 
10% 

The distance light travels in this time is d = ct = (3.0X10* m/s)(3.2x10™ s) =0.1 mm 


EVALUATE: The photons are on the average scattered through a very small angle in each scattering event. The 
average distance a photon travels between scatterings is very small. 


=6.4x10"' rad = (4x10°)° 


10% scatterings during this time, so the average time between scatterings is t = =3.2x10" s. 


(a) The final energy of the photon is Z’ = =< and E=E’+K, where K is the kinetic energy of the electron after 


the collision. Then, 
he he he X 


A= = = = 
E'+K  (he[N)+K  (he/X)+(y—Vme* Nme 1 4 
h | d-v?/c?)? 


(K =mc’(y—1) since the relativistic expression must be used for three-figure accuracy). 


(b) ¢=arccos(1— AA/(h/mc)). 


© y-I= l z-1=1.25-1=0.250, h 343x10 m 
1- (4:80)? mc 
3.00 
3 
re 3:1010 te =3.34x107 nm. 


pe (5.10x107 m)(9.11x10™' kg)(3.00x10* m/s)(0.250) 
(6.63x10™ J-s) 


-12 0 -12 
(5.10x10 m-3.34x10 ™) 740 


=arccos| 1 
ú | 2.43x10™" m 

(a) IDENTIFY and SET UP: Conservation of energy applied to the collision gives E, = E,,+ E,, where E, is the 
kinetic energy of the electron after the collision and £, and E, are the energies of the photon before and after the 


collision. The energy of a photon is related to its wavelength according to Eq.(38.2). 
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EXECUTE: E, =e- Jend 
Aà X AX 


-9 
E, = (6.626x10™ J-s)(2.998x 10° m| Lee 


(0.110010 m)(0.1132x10° m) 
E, =5.105x10"'” J=319 eV 
-17 
ESS? so v= [oP = |2O1K a p60" mis 
2 m 9.109x10~ kg 
(b) The wavelength / of a photon with energy E, is given by E,=hc/A so 


he _ (6.626x10™ J-s)(2.998x10* m/s) 
E 5105x1077 J 


e 


A= = 3.89 nm 


EVALUATE: Only a small portion of the incident photon’s energy is transferred to the struck electron; this is why 
the wavelength calculated in part (b) is much larger than the wavelength of the incident photon in the Compton 
scattering. 


38.76. IDENTIFY: Apply the Compton scattering formula 2’-2=AA= : (1—cos@) = 2,(1— cos @) 
mc 


(a) SET Up: Largest A2 is for ¢=180°. 

EXECUTE: For ¢=180°, AA = 24, =2(2.426 pm) = 4.85 pm. 

(b) SETUP: A’-A=A,(1—-cos¢) 

Wavelength doubles implies 2’=2/4 so A’-A=A. Thus 1=A.(1—cos@). À is related to E by Eq.(38.2). 
EXECUTE: E£=hc/A, so smallest energy photon means largest wavelength photon, so ¢=180° and 


-34 8 
1=24,=4.85 pm. Then E=} = 6.626x10 J-s)(2.998x10 m/s) 
A 4.85x10°? m 


=4,096x10" J(1 eV/1.602x10°” J) = 


0.256 MeV. 
EVALUATE: Any photon Compton scattered at ø =180° has a wavelength increase of 22, = 4.85 pm. 4.85 pm is 
near the short-wavelength end of the range of x-ray wavelengths. 
2ahe* 
(e PT E 1) 
= 2ahe* _ Qahf” 
(c/ fy? (er -1) 3 (ell -1) 


38.77. (a) 10)= = but A= i 


IP) 


b) [Ida =f Paf [= 


7 ie 2ahf? df _ 2n(kT)' pe xX dy- DEE 1 Qm- COETY _ 20°k'T" 
0 eel _1) ek 40 el eh 240 240h°c? ch 
51,44 


ee =o as shown in Eq. (38.36). Plugging in the values for the constants we get 


(c) The expression 
o =5.67x10* W/m’ -Kt . 
38.78. I=oT*,P=IA,and AE = Pt, combining, 
AE (100 J) 


t= 7= rr = I 7 =8.81x10° s = 2.45 hrs. 
AoT’ (4.00x10° m°)(5.67x10® W/m? - K*)(473 K) 


2,343 


38.79. (a) The period was found in Exercise 38.27b: T = eau and frequency is just f = 


4 
1 me 
me T 4an h 


4 
(b) Eq. (38.6) tells us that f =—(E,-E,). So f =| ~-+| drom Eq. (38.18)). 
h Behn, n 


If n =nandn =n+l1, then 2 be : 5 
nh on on (nti) 


4 
a 1 1 -|= x 1 1 EN = > for largen => f =. 
n (1+1/n) n n n 4n h 
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38.80. Each photon has momentum p = . and if the rate at which the photons strike the surface is (dN / dt), the force 


on the surface is (h/A)(dN/dt), and the pressure is (h/A)(dN/dt)/A. The intensity is 
I =(dN/dt)(E)/A=(dN/dt)(hc/d)/A, and comparison of the two expressions gives the pressure as (I/c). 
38.81. Momentum: p+ P= p + P > p—P=-p'-P’ => p’=P-(p+P’) 
energy: pct E=pct+E =pc+ JP’cy + (me? 
=> (pe- p’et+ EY =(P’c)’ + (m° Y = (Pc) + (pt po — 2P(p + pe + (mey 
(pe- p'e} +E’ = E+ (pet p'e)’ —2(Pe’)(p + p’) + 2Ec(p — p’)—4pp'c’ + 2Ec( p— p’) 
+2(Pc*)(p + p’)=0 
=> p’(Pc* —2pc* — Ec) = p(-Ec— Pc’) 
F Ec + Pe? E+ Pc 
E PO pe + Ec- Pe E P ope +(E— Pe) 
Ve p{ Hahn ro) (Fe) 2he 


E+Pc E+ Pc E+ Pc 
X= (ACE — Pc) + 2hc) 
E+Pc 
2 2 1 2 2 
If E> mc’, Pe = E- (me?) = E, | (z ) -ahi-(" ) t 
2⁄2 252 4 24 

Ep _ 1 me") Palla Reg aL pp EA 

E 2EQE) E E| 4hcE 
(b) If 4=10.6X10° m, E =1.00X10" eV =1.60x10° J 

X= he ix (9.11x10™ kg)’c*(10.6x10% m) 
1.60x10° J 4hc (1.6X10° J) 


= (1.24107 m)(1 +56.0) = 7.08107? m. 


(c) These photons are gamma rays. We have taken infrared radiation and converted it into gamma rays! Perhaps 


useful in nuclear medicine, nuclear spectroscopy, or high energy physics: wherever controlled gamma ray sources 
might be useful. 


THE WAVE NATURE OF PARTICLES 


39.1. 


39.2. 


39.3. 


39.4. 


39.5. 


IDENTIFY and SETUP: 1= has . For an electron, m=9.11x10™' kg. Fora proton, m=1.67x10™ kg. 
p om 
34 
EXECUTE: (a) A= GOIO JS =1.55x10 m=0.155 nm 


(9.11x10~' kg)(4.70x10° m/s) 


-31 
11x 

1S proportional to , SO = e |= (1.55x10 m) —————.-—~ |=8.46x10 m. 
b) å is proportional 1 A Aes 1.55x10°"° 21 10 kg 8.46x10™ 
m $ m, 1.67x10~ kg 

hc h p° k? 
IDENTIFY and SET UP: For a photon, E =—_. For an electron or proton, p =— and E= ,so E= E 

A A 2m 2mÀ 


hc _ (4.136x10™ eV- s)(3.00x10° m/s) 


EXECUTE: (a) E= =6.2 keV 
A 0.20x10° m 
2 -34 2 
(ps =| Sw LS 1 __ = 6,03x10"" J=38 eV 
2mA 0.20x10° m } 2(9.11x10™! kg) 


—31 
(© E, =E,| Ze |=(38 ev) e =0.021 eV 
P m 1.67x10~ kg 


P 
EVALUATE: For a given wavelength a photon has much more energy than an electron, which in turn has more 
energy than a proton. 


-34 
(a) A= 4 Bea eA =i De 2.37x10™ kg- m/s. 
p Aà (2.80x10-" m) 
p? _ (2.37x10™ kg- m/s)’ 
(b) K=—= = =3.08x10-* J=19.3 eV. 
2m 2(9.11x10™! kg) 
peta! 
p 2mE 


= (6.63x10™ J-s) 
2(6.64x107” kg) (4.20x10° eV) (1.60x10-? J/eV) 


=7.02x10°% m. 


IDENTIFY and SET Up: The de Broglie wavelength is 1 = k = ae In the Bohr model, mvr, = n(h/2z), 
p mv 


so mv =nh/(2zr, ). Combine these two expressions and obtain an equation for A in terms of n. Then 


n 

EXECUTE: (a) For n=1, A= 2a7r with r, =a, =0.529x10™ m, so 2 = 27(0.529x10""° m) =3.32x10° m 
A=2ar,; the de Broglie wavelength equals the circumference of the orbit. 

(b) For n=4, A=2z1,/4. 

r, =n'a, So r, = 16a). 

A =2n(16a,)/4 = 4(27a,) = 4(3.32x10™ m) =1.33x10° m 


Le Gl 
A=2zar,/4; the de Broglie wavelength is — = 7 times the circumference of the orbit. 
n 


EVALUATE: Asn increases the momentum of the electron increases and its de Broglie wavelength decreases. For 
any n, the circumference of the orbits equals an integer number of de Broglie wavelengths. 
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39.6. 


39.7. 


39.8. 


39.9. 


39.10. 


2 
(a) For a nonrelativistic particle, K = P ,so A= Ma $ 
2m p J2Km 


(b) (6.6310 J-s)/,/2(800 eV)(1.60x10 JeV)(9.11x10"" kg) = 4.3410! m. 
IDENTIFY: A person walking through a door is like a particle going through a slit and hence should exhibit wave 
properties. 
SET Up: The de Broglie wavelength of the person is A = h/mv. 
EXECUTE: (a) Assume m = 75 kg and v = 1.0 m/s. 
A = h/my = (6.626 x 10™ J- s)/[(75 kg)(1.0 m/s)] = 8.8 x 10°° m 
EVALUATE: (b) A typical doorway is about 1 m wide, so the person’s de Broglie wavelength is much too small 


to show wave behavior through a “slit” that is about 10% times as wide as the wavelength. Hence ordinary objects 
do not show wave behavior in everyday life. 


Combining Equations 37.38 and 37.39 gives p=mc,./y" —1. 


(a) A= Wie (h/mc) / Vy’ —1 =4.43x10™° m. (The incorrect nonrelativistic calculation gives 5.05x10 m.) 
P 


(b) (h/me)/ 7 -1=7.07x10” m. 
IDENTIFY and SET UP: A photon has zero mass and its energy and wavelength are related by Eq.(38.2). An 
electron has mass. Its energy is related to its momentum by E = p*/2m and its wavelength is related to its 


momentum by Eq.(39.1). 
EXECUTE: (a) photon 


he $ he _ (6.626x10™ J-s)(2.998 x10 m/s) 


E= oA= = 
a E (20.0 eV)(1.602 x10” J/eV) 


= 62.0 nm 


electron 

E = p° I(2m) so p =V2mE = J29.109x10™! kg)(20.0 eV)(1.602x10"” J/eV) = 2.416x10 kg- m/s 
A=h!/ p=0.274 nm 

(b) photon E = hc/A =7.946x10™ J=4.96 eV 

electron A=h/ p so p=h/A=2.650X10~ kg- m/s 

E = p° I(2m) =3.856X10™ J =2.41x10° eV 


(c) EVALUATE: You should use a probe of wavelength approximately 250 nm. An electron with 4 =250 nm has 
much less energy than a photon with 4 =250 nm, so is less likely to damage the molecule. Note that 2 = h/ p 


applies to all particles, those with mass and those with zero mass. E = hf =hc/A applies only to photons and 


E= p*/2m applies only to particles with mass. 

IDENTIFY: Any moving particle has a de Broglie wavelength. The speed of a molecule, and hence its de Broglie 
wavelength, depends on the temperature of the gas. 

SETUP: The average kinetic energy of the molecule is Ką = 3/2 kT, and the de Broglie wavelength is 2 = 

h/m = h/p. 

EXECUTE: (a) Combining K,, = 3/2 kT and K = pl2m gives 3/2 kT = Pay Rm and pay = V3mkT . The de Broglie 


-34 
wavelength is 1 = EE SOPLO G =1.08x10" m. 


p V3mkT (3(2x1.67x107" kg)(1.38x10™ J/K)(273 K) 


(b) For an electron, A = h/p = h/mv gives 


34 
h 6.626x10™ J-s = 6.75 x 10° m/s 


~ mA (9.11x10™ kg)(1.08x10™ m) 


This is about 2% the speed of light, so we do not need to use relativity. 
(c) For photon: 


E = hc/A = (6.626 x 10™ J - s)(3.00 x 10° m/s)/(1.08 x 10™ m) = 1.84 x 10" J 


For the H, molecule: K, = (3/2)kT = 3/2 (1.38 x 10” J/K)(273 K) = 5.65 x 10” J 

For the electron: K = % mv? = % (9.11 x 10°! kg)(6.73 x 10° m/s)” = 2.06 x 10°'7J 

EVALUATE: The photon has about 100 times more energy than the electron and 300,000 times more energy than 
the H, molecule. This shows that photons of a given wavelength will have much more energy than particles of the 
same wavelength. 
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39.11. 


39.12. 


39.13. 


39.14. 


39.15. 


39.16. 


IDENTIFY and SET UP: Use Eq.(39.1). 

h h 6.626x10™ J-s 
EXECUTE: 4=—=——= = 

p mw (5.00x10~ kg)(340 m/s) 
EVALUATE: This wavelength is extremely short; the bullet will not exhibit wavelike properties. 
(a) A=h/mv > v=h/mA 


=3.90x10™ m 


: 1 
Energy conservation: eAV = 5" 


h 2 
j m) 9 -34 7 oy2 
ava Nm) E __(6.626x10 Fs) ee 
2e 2e 2em 2(1.60x10” C) (9.11X10™ kg) (0.15x10° m) 
g -34 7, 8 

b) Enn =hf = he _ (6.626x10™ J-s) oa m/s) _ 133x108 J 

A 0.15x10” m 

E -15 

eAV =K = E poon and AV = = E Se 8310 V 


e 1.6x10°" C 
(a) 2=0.10nm. p=mv=h/A sov=h/(mA)=7.3x10° m/s. 


(b) E= jm? =150eV 


(© E=hc/A=12 KeV 

(d) The electron is a better probe because for the same Å it has less energy and is less damaging to the structure 
being probed. 

IDENTIFY: The electrons behave like waves and are diffracted by the slit. 

SET UP: We use conservation of energy to find the speed of the electrons, and then use this speed to find their de 
Broglie wavelength, which is A = h/mv. Finally we know that the first dark fringe for single-slit diffraction occurs 
when a sin 0= A. 

EXECUTE: (a) Use energy conservation to find the speed of the electron: % mv? = eV. 


7 2(1.60x10-” C)(100 V) 
pa CE ( gJ = 5.93 x 10° m/s 
m 9.11x10™ kg 


which is about 2% the speed of light, so we can ignore relativity. 
(b) First find the de Broglie wavelength: 


-34 
h 6.62610" J-s = 1.23 x 10° m = 0.123 nm 


~ mv (9.11x10™" kg)(5.93x10° m/s) 


For the first single slit dark fringe, we have a sin 0= A, which gives 
_ A _1.23x10™ m 
sin sin(11.5°) 


EVALUATE: The slit width is around 5 times the de Broglie wavelength of the electron, and both are much 
smaller than the wavelength of visible light. 


=6.16 x 10™° m = 0.616 nm 


For m =1, A =d sinf = 


J2mE ` 
k : 1 -34 4 2 
E=—___= iS Sd eS = 6.9110 J =0.432 eV. 
2md° sin’@ 2(1.675x10™ kg) (9.10x107 m)“ sin“ (28.6°) 
Intensity maxima occur when d sin 0 =mÀ. }=—= so d sinf = ami (Careful! Here, m is the order 
p 2ME V2ME 
of the maxima, whereas M is the mass of the incoming particle.) 
-34 
(a) d mh (2)(6.63x107* J-s) 


7 V2ME sin@ z J201 1x10™! kg)(188 eV)(1.60x107™"° J/eV) sin(60.6°) 
=2.06x10" m = 0.206 nm. 
(b) m = 1 also gives a maximum. 
(1) (6.63x10™ J - s) 
(20.1 1x10™! kg) (188 eV) (1.60x10-" J/e V) (2.06x10™ m) 


0 = arcsin = 25.8°. 
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39.17. 


39.18. 


39.19. 


39.20. 


This is the only other one. If we let m 23, then there are no more maxima. 
who (1) (6.63x10™ J- s)? 
2Md’ sin*@ 2(9.11x10™ kg) (2.60x10™" m)’ sin*(60.6°) 
=7.49x10"" J=46.8 eV. 
Using this energy, if we let m= 2, then sin9 >1.Thus, there is no m=2 maximum in this case. 


The condition for a maximum is d sin = mÅ. A= m = , so ĝ = arcsin (z } (Careful! Here, m is the order of 
v v 


P 
the maximum, whereas M is the incoming particle mass.) 


(a) m=1 6, arcs ( i ) 
dMv 


(c) E= 


; 6.6310" J-s 
= arcsin =2.07°. 
(1.60x 10° m) (9.11x107! kg) (1.26104 m/s) 


m=2=> 6, =arcsin 


(2) (6.63x10™ J-s) er 
(1.60x10° m) (9.11x10™ kg) (1.26x10* m/s) oe 


x radians 


(b) For small angles (in radians!) y = D8, so y, = (50.0 cm) (2.07°) 180° 


)=18t0m, 


y, = (50.0 cm) (4.14°) (is) 361cm and y, — y, =3.61 cm -1.81 cm =1.81 cm. 


IDENTIFY: Since we know only that the mosquito is somewhere in the room, there is an uncertainty in its 
position. The Heisenberg uncertainty principle tells us that there is an uncertainty in its momentum. 

SET Up: The uncertainty principle is AxAp, 2h. 

EXECUTE: (a) You know the mosquito is somewhere in the room, so the maximum uncertainty in its horizontal 
position is Ax = 5.0 m. 

(b) The uncertainty principle gives AxAp, 2h, and Ap, = mAv, since we know the mosquito’s mass. This gives 


AxmAy, 2h , which we can solve for Av, to get the minimum uncertainty in v,. 


ise Ms 1.055x10™ J-s 

* mAx  (1.5x10° kg)(5.0 m) 
which is hardly a serious impediment! 

EVALUATE: For something as “large” as a mosquito, the uncertainty principle places a negligible limitation on 
our ability to measure its speed. 

(a) IDENTIFY and SET UP: Use AxAp, 2h/27 to calculate Ax and obtain Av, from this. 

h _ 6.626x10™ J-s 
2mAx 2n(1.00x10° m) 
Ap, _1.055x10* kg- m/s 

m 1200 kg 
(b) EVALUATE: Even for this very small Ax the minimum Av, required by the Heisenberg uncertainty principle 


=1.4x 10” m/s 


EXECUTE: Ap, = =1.055x10* kg- m/s 


Av, = =8.79x10™ m/s 


is very small. The uncertainty principle does not impose any practical limit on the simultaneous measurements of 
the positions and velocities of ordinary objects. 

IDENTIFY: Since we know that the marble is somewhere on the table, there is an uncertainty in its position. The 
Heisenberg uncertainty principle tells us that there is therefore an uncertainty in its momentum. 

SET Up: The uncertainty principle is AxAp, 2h. 


EXECUTE: (a) Since the marble is somewhere on the table, the maximum uncertainty in its horizontal position is 
Ax=1.75 m. 

(b) Following the same procedure as in part (b) of problem 39.18, the minimum uncertainty in the horizontal 
velocity of the marble is 


-34 
A h 1.055x10~" J-s 


= = = 6.03 x 10°? m/s 
mAx (0.0100 kg) (1.75 m) 


(c) The uncertainty principle tells us that we cannot know that the marble’s horizontal velocity is exactly zero, so 
the smallest we could measure it to be is 6.03 x 10~° m/s, from part (b). The longest time it could remain on the 
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table is the time to travel the full width of the table (1.75 m), so t = x/, = (1.75 m)/(6.03 x 10™ m/s) = 2.90 x 10” 
s = 9.20 x 10” years 
Since the universe is about 14 x 10° years old, this time is about 
9.0x10™ yr 
14x10? yr 


EVALUATE: For household objects, the uncertainty principle places a negligible limitation on our ability to 
measure their speed. 


= 6X10" times the age of the universe! Don’t hold your breath! 


h 
39.21. Heisenberg’s Uncertainty Principles tells us that AxAp, = Big We can treat the standard deviation as a direct 
T 


h 
measure of uncertainty. Here AxAp, = (.2x10™ m) (3.0x10” kg-m/s)= 3.6x10™ J -s but oe =1.05x10™ J-s 
T 


h 
Therefore AxAp, < Oe so the claim is not valid. 
T 


39.22. (a) (Ax) (mAv,) 2 h/2z, and setting Av, = (0.010)v and the product of the uncertainties equal to h/2z (for the 
minimum uncertainty) gives v, =h/(2xm(0.010)Ax) = 57.9 m/s. 
(b) Repeating with the proton mass gives 31.6 mm/s. 

h (6.63x10™ J -s) 


A a E =2.03x10” J=1.27x10™" eV. 
TT. T(I.2X S 


39.23. 


h 
39.24. IDENTIFY and SET UP: The Heisenberg Uncertainty Principle says AxAp, 2 ar The minimum allowed 
m 


AxAp is h/2m. Ap, =mAv,. 
h 6.63x10™ J-s 


EXECUTE: (a) mAxAv, = Av, = = = =— =3.2x10* m/s 
© 2m 2amAx 2a(1.67x10” kg)\(2.0x10 m) 
-34 
pap DNS =4.6x10“ m 
2amAv, 27(9.11x10™! kg)(0.250 m/s) 
34 
a058) ApS apa Oe S © = 139x10 J =8.69x10° eV = 0.0869 MeV. 
2m 2mAt 22(7.6X10~ s) 
2 
AE _ 0.0869 MEVIE Lyin 
E 3097 MeV/c 
39.26. AEAt =. AE = Ame. Am = 2.06x10° eV/c? =3.30x10™ J/c’. 
T 
-34 
hia a OOO TS a 
2rAmc° 2r(3.30x10 J) 
~25 2 2 2 
39.27. IDENTIFY and SET Up: Fora photon Ep = he ee M For an electron E, = P lsat zi 
j A 2m 2m\A 2mA 


1.99x10” J-m 


EXECUTE: (a) photon E „= =1.99x10" J 
(a) ™ 10.0x10° m 
—34 2 
electron E, = (6:63x 10" =s) =2.41x107! J 


° 2(9.11x107' kg)(10.0x 10° m)? 

Eun 1.99x10" J 

E, 241x10” J 
(b) The electron has much less energy so would be less damaging. 

EVALUATE: For a particle with mass, such as an electron, E ~ A”. For a massless photon E ~ AS 

T 2 

SA soy WA 


m 2me 


=8.26x10° 


2 
39.28. (a) V=K=L 
2m 


=419V. 


11x10! k 
SAAN E090, 
1.67x107 kg 


39.29. IDENTIFY and SET UP: = y(x)=Asinkx. The position probability density is given by lwo] = A’ sin’ kx. 


(b) The voltage is reduced by the ratio of the particle masses, (419 V) 


EXECUTE: (a) The probability is highest where sinkx =1 so kx = 2ax/A=nz/2, n=1, 3, 5,... 
x=nd/l4, n=1, 3, 5,... sox=A/4, 34/4, S5A/4,... 
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39.30. 


39.31. 


39.32. 


39.33. 


39.34, 


39.35. 


(b) The probability of finding the particle is zero where lyf =0, which occurs where sinkx=0 and 

kx =27x/A=nz, n=0, 1l, 2,... 

x=nd/2, n=0, 1, 2,... sox=0, 2/2, A, 3A/2,... 

EVALUATE: The situation is analogous to a standing wave, with the probability analogous to the square of the 
amplitude of the standing wave. 

VY" =y' sin@t, so hae = hand =y ysin ot = wl sin’ wt. ef is not time-independent, so ¥ is not the 
wavefunction for a stationary state. 

IDENTIFY: To describe a real situation, a wave function must be normalizable. 

SET Up: ly dV is the probability that the particle is found in volume dV. Since the particle must be somewhere, 
y must have the property that Jly dV = 1 when the integral is taken over all space. 


EXECUTE: (a) In one dimension, as we have here, the integral discussed above is of the form ie ly(x) P dx=1. 


2ax |” 


oo 2 a e 
(b) Using the result from part (a), we have T ( e“) dx= Í e”dx = — 


oe 2a 


=œ, Hence this wave function cannot 


be normalized and therefore cannot be a valid wave function. 
(c) We only need to integrate this wave function of 0 to œ because it is zero for x < 0. For normalization we have 


2 -2bx 
Ae” 


—2b 


2 2 


A A 
=—, which gives —-=l,so A=Ẹ42b. 
2b j 2b 


1= [i y’ dx = fi (4e Yax = J, Ae dx = 


EVALUATE: Ifb were positive, the given wave function could not be normalized, so it would not be allowable. 
(a) The uncertainty in the particle position is proportional to the width of y(x), and is inversely proportional to 
Va. This can be seen by either plotting the function for different values of a, finding the expectation 

value (x7) = [dx for the normalized wave function or by finding the full width at half-maximum. The 


particle’s uncertainty in position decreases with increasing œ. The dependence of the expectation value (x°) on @ 
may be found by considering 


J ee dy lo n lo 1 F 1 
(y== = In Í go dx =a —— Í e” du|=—, 
| eax 20a q>, 20a A 


where the substitution u = yæxhas been made. 
(b) Since the uncertainty in position decreases, the uncertainty in momentum must increase. 


san5 an ra») Parr 5) 
FRY x—ly x+iy x—iy 


The same. lW, y o =y (x,y, Z)Y(x, y, 2) 


io |? * -i +i * 
lva, y,ze"| = (y(x, y, De? waxy, de’) =y (x, y, y(x, y, z). 


The complex conjugate means convert all i’s to—i’s and vice-versa. e” -e” =1. 

IDENTIFY: To describe a real situation, a wave function must be normalizable. 

SETUP: ly dV is the probability that the particle is found in volume dV. Since the particle must be somewhere, 
y must have the property that fly Ê dV = 1 when the integral is taken over all space. 

EXECUTE: (a) For normalization of the one-dimensional wave function, we have 


l= im wh dx = f° (ae Jart f (Ae de= f° ate™ar+ |” Area. 


2bx z 2 
I= as |- A aens Aabe 0a SA 


0 b 
(b) The graph of the wavefunction versus x is given in Figure 39.35. 
+5.00 m +5.00 m 


. = 2 Sa 
(œ) G) P= E yi de = 2f, 
function of x. Evaluating the integral gives 
EN —(2.00m"') 
P = e722 0.500 m) 1 = 
b ( ) 2.00m™ 
There is a little more than an 86% probability that the particle will be found within 50 cm of the origin. 


0 —2bx 


+ 
—2b 


A’e “dx , where we have used the fact that the wave function is an even 


(e> 1) =0.865 
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39.36. 


39.37. 


39.38. 


39.39. 


39.40. 


2 -1 
A 220m i 
2b 2(2.00 m") 2 


There is a 50-50 chance that the particle will be found to the left of the origin, which agrees with the fact that the 
wave function is symmetric about the y-axis. 


(ii) P= f° (Ae" ax= f° Ae ax= 


SA fp h00m ig aby 
(i) = J 0.500 A ezra 
= AT (eren m)(1.00m) _ eo (2.00 oe) = nia tas e°) = 0.0585 
—2b 2 
EVALUATE: There is little chance of finding the particle in regions where the wave function is small. 
W(x) 
=% x 
Figure 39.35 
-h° d’y 
Eq. (39.18): -——— + Uy = Ey. Let y = Ay, + By, 
2m dx 

_ #2 J2 
>, (Ay, + By,) + U (Ay, + By,) = E(Ay, + By) 

2m dx 

KW d’ > day 
E + Uy, ev, Jeol Po Uy, Bv, }=0 
dx 

But each of y, and y, satisfy Schrédinger’s equation separately so the equation still holds true, for any A or B. 

2 2 
-2 d +Uy = BE y, + CE,y,. If y were a solution with energy E, then BE, + CE,y, = BEy, + CEy, or 

m dx 


B(E, — E)y, = C(E - E,)y,. This would mean that y, is a constant multiple of y,, and y, and y, would be wave 


functions with the same energy. However, E, + E,, so this is not possible, and y cannot be a solution to Eq. (39.18). 


-34 
CE ae ORES) =1.94x10 m. 
V2mK {2.11x107" kg)(40 eV)(1.60x10™ J/eV) 
-31 1/2 
b) R R _ (25m9.11x10" kg)? 667x107 s. 


v 2E/m [240 evy\1.6x10-” J/eV) 


(c) The width wis w= oR” and w= Av t = Apt /m, where f is the time found in part (b) and a is the slit width. 
a 


Combining the expressions for w, Ap, = 2mAR =2.65x10 ke-m/s. 
i at 
(d) Ay = h = 0.40 um, which is the same order of magnitude. 
2aAp, 


(a) E=hc/A=12 eV 
(b) Find E for an electron with 2=0.10x10° m. A =h/ p so p=h/A=6.626x10~ kg- m/s. 
E= p’/(2m)=1.5x10" eV. E=qAV so AV =1.5x107 V 
v= p/m=(6.626x10-” kg-m/s)/(9.109x10™! kg) = 7.3x10° m/s 
(c) Same / so same p. E = p° /(2m) but now m=1.673x10~ kg so E =8.2x10° eV and AV =8.2x10° V. 
v= p/m=(6.626x10~ kg: m/s)/(1.673x10-” kg) = 4.0 m/s 
(a) Single slit diffraction: asin? = må . A=asin@ = (15010 m)sin20° =5.13x10° m 

6.626x10™ J-s 
(9.11x10™' kg)(5.13x10% m) 
5.13x10° m 
150x10° m 


A=h/[mv > v=h/mA. v= =1.42x10* m/s 


(b) asin@, = 2A. sing, a4 = a |=+0.84, 0, = +43.2° 
a 
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39.41. IDENTIFY: The electrons behave like waves and produce a double-slit interference pattern after passing through 
the slits. 
SET UP: The first angle at which destructive interference occurs is given by d sin 0= 1/2. The de Broglie 
wavelength of each of the electrons is 2 = h/mv. 
EXECUTE: (a) First find the wavelength of the electrons. For the first dark fringe, we have d sin = A/2, which gives 
(1.25 nm)(sin 18.0°) = 4/2 , and A = 0.7725 nm. Now solve the de Broglie wavelength equation for the speed of the 
electron: 
h .626x10™ J. 
v=— = Dal A E ie i: 
mA (9.11x10™ kg)(0.7725x10” m) 
which is about 0.3% the speed of light, so they are nonrelativistic. 
(b) Energy conservation gives eV = % mv’ and 
V = mv’/2e = (9.11 x 10°! kg)(9.42 x 10° m)*/[2(1.60 x 10°? C)] = 2.52 V 
EVALUATE: The hole must be much smaller than the wavelength of visible light for the electrons to show diffraction. 
39.42. IDENTIFY: The alpha particles and protons behave as waves and exhibit circular-aperture diffraction after passing 
through the hole. 
SET Up: For around hole, the first dark ring occurs at the angle 8 for which sin@= 1.22 /D, where D is the 
diameter of the hole. The de Broglie wavelength for a particle is A = h/p = h/mv. 
EXECUTE: Taking the ratio of the sines for the alpha particle and proton gives 
sin@, 1.224, A, 
sind, 1.224 A, 
; ; sinô, h/p, Pp ; 2 
The de Broglie wavelength gives A, = h/p, and Ag = h/P œ so ——* = == . Using K = p’/2m, we have 
sin@, h/p, Pa 
p=~2mK . Since the alpha particle has twice the charge of the proton and both are accelerated through the same 
potential difference, Ky = 2K,. Therefore p, =./2m,K, and p, = J2m,K, = 2m, (2K,) = J4m,K, A 
Substituting these quantities into the ratio of the sines gives 
sme, Pr /2m,K,, _ |m 
sin, Pe J4m,K 3 2m, 
-27 
Solving for sin 0, gives sin@, = eee sinl5.0° and 6,= 5.3°. 
2(6.64x10~" kg) 
EVALUATE: Since sin @is inversely proportional to the mass of the particle, the larger-mass alpha particles form 
their first dark ring at a smaller angle than the ring for the lighter protons. 
39.43. IDENTIFY: Both the electrons and photons behave like waves and exhibit single-slit diffraction after passing 
through their respective slits. 
SET Up: The energy of the photon is E = hc/A and the de Broglie wavelength of the electron is A = h/mv = h/p. 
Destructive interference for a single slit first occurs when a sin 0 = A. 
EXECUTE: (a) For the photon: å = hc/E and a sin@ = A. Since the a and @are the same for the photons and 
electrons, they must both have the same wavelength. Equating these two expressions for A gives a sin 0= hc/E. 
h h 
For the electron, 2 = h/p = and a sin 0= A. Equating these two expressions for / gives a sin 0= ———. 
V2mK É . p p 2mK 
Equating the two expressions for asin0 gives hc/E = alae , which gives E=cV2mK =(4.05x107 J 1K 
V2mK 
N. 2 
(b) . =" E = ae . Since v <<, mc > K, so the square root is >1. Therefore E/K > 1, meaning that the 
photon has more energy than the electron. 
EVALUATE: As we have seen in Problem 39.10, when a photon and a particle have the same wavelength, the 
photon has more energy than the particle. 
dsin@ (40.0x10° in(0. d 
39.44. According to Eq.(35.4) A4 = BOE = AO Se an sa Oe) 600 nm. The velocity of an electron with 


m 2 
this wavelength is given by Eq.(39.1) 
-34 
TEE Co TA =1.21x10° m/s. 


m mì (9.11x10™ kg)(600x10° m) 
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39.45. 


39.46. 


39.47. 


39.48. 


39.49. 


Since this velocity is much smaller than c we can calculate the energy of the electron classically 


K= Jm = 500. 1x10™ kg)(1.21x10° m/s)? =6.70x10” J=4.19 eV. 


The de Broglie wavelength of the blood cell is 
2s (6.63x10™ J-s) 
mv (1.00x10"'* kg)(4.00x 10° m/s) 


We need not be concerned about wave behavior. 


2 N12 
(1-5) 2 2,2 2 
ie ae ae a 2 var == h'v nay p Ep 
p c c 


=1.66x10 "m. 


E my 5 x > Amv 
px k = Cc ae c 
; 1/2 
A mE mca) 

2 ke 1 A 
c 1[mcAY med 
b) v= =c|1 =(1-A)c. A=———. 

(b) v Al T ) | (l-A)c TE 


3 N2 
A 
(ai) | 


(© 4=1.00x10 "m << aE 


mc 
_ (9.11x10™ kg)’(3.00x 10° m/s)’ (1.00x 107m)” 
2(6.63x10™ J - s)? 

>v=(l1-A)c = (1-8.50x10°)c. 

h h 
J2mE J2mqaV 
z 6.63x10™ J-s 

© 29.11x10™" kg)(1.60x10™” C)(125 V) 

6.63x10™ J-s 

J2(6.64x10” kg)2(1.60x10™° C)(125 V) 


A =8.50x10° 


So for an electron: 


(a) Recall 4 = h = 
P 


A 4=1.10x107 m. 


(b) For an alpha particle: A = =9.10x107" m. 


ai ; f h ; : 
IDENTIFY and SET Up: The minimum uncertainty product is AxAp, = ae Ax=yr,, where 7, is the radius of the 
m 


h 


Heli 


h 
n=1Bohr orbit. In the n= 1 Bohr orbit, mv,7, = 5 and p, =m = 
m 


ho h 6.63x10™ J -s 
27Ax 2an 2mæ(0.529x10™ m) 
the momentum of the electron in the n = 1 Bohr orbit. 


EVALUATE: Since the momentum is the same order of magnitude as the uncertainty in the momentum, the 
uncertainty principle plays a large role in the structure of atoms. 


IDENTIFY and SET UP: Combining the two equations in the hint gives PC =4/K(K +2mc’) and A= 


EXECUTE: Ap, = =2.0x10™ kg-m/s. This is the same as the magnitude of 


he 
JK(K +2mc?) 
he _ h 
SBm Be? + 2mc’) 7 Vise 
(b) (i) K =3mc” =3(9.109 x10! kg)(2.998 x10® m/s)” = 2.45610 J =1.53 MeV 
h 6.626x10™ J-s 

Ji5me  V15(9.109x10™ kg)(2.998x10° m/s) 
(ii) K is proportional to m, so for a proton K =(m,/m,)(1.53 MeV) =1836(1.53 MeV) = 2810 MeV 

A is proportional to 1/m, so for a proton A = (m, /m,)(6.26x10™° m) = (1/1836)(6.626x10™ m) =3.41x10™ m 


EXECUTE: (a) With K =3mc’ this becomes 2 = 


A= =6.26x10°" m 


EVALUATE: The proton has a larger rest mass energy so its kinetic energy is larger when K =3mc*. The proton 
also has larger momentum so has a smaller À. 
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39.50. (a) EECA LS 9 110 kg-m/s. 
27(5.0x10™ m) 
(b) K =,/(pe)’ + (m°? -me =1.3x10" J =0.82 MeV. 
(c) The result of part (b), about 1 MeV =1x10° eV , is many orders of magnitude larger than the potential energy 
of an electron in a hydrogen atom. 
39.51. (a) IDENTIFY and SETUP: AxAp, 2h/2z 
Estimate Ax as Ax = 5.0x10™ m. 
—34 
EXECUTE: Then the minimum allowed Ap, is Ap, ~ soa J $ =2.1x10 kg - m/s 
27Ax 22(5.0X10°° m) 
(b) IDENTIFY and SET Up: Assume p= 2.1x10° kg-m/s. Use Eq.(37.39) to calculate E, and then K = E - me’. 
EXECUTE: E=.,/(mc’) +(pc) 
mc? = (9.109x10™ kg)(2.998x10* m/s)? = 8.187x10"* J 
pc =(2.1x10 kg: m/s)(2.998 x 10° m/s) = 6.296 x10 J 
E= J(8.187x104 J) + (6.296x10"" J)? =6.297x10°" J 
K = E -mč =6.297x10-” J-8.187x10"" J=6.215x10-" J(1 eV/1.602x10-” J) =39 MeV 
(c) IDENTIFY and SET Up: The Coulomb potential energy for a pair of point charges is given by Eq.(23.9). The 
proton has charge +e and the electron has charge —e. 
2 9 2 2 719 2 
iene: Ge ke? — (8.988x10° N-m eel Cy 46x10 J=—0.29 MeV 
r 5.0x10°° m 
EVALUATE: The kinetic energy of the electron required by the uncertainty principle would be much larger than 
the magnitude of the negative Coulomb potential energy. The total energy of the electron would be large and 
positive and the electron could not be bound within the nucleus. 
39.52. (a) Take the direction of the electron beam to be the x-direction and the direction of motion perpendicular to the 
Ap, h .626x10™ J- 
beam to be the y-direction. Av, = ae = sy = oe =—~ = 0.23 m/s 
© m 2azmAy 27#(9.11x10~ kg)(0.50x10~ m) 
(b) The uncertainty Ar in the position of the point where the electrons strike the screen is 
Ap, x h x 
Ar = Av t =—>— = =9.56x10™" m, 
» m v,  2amAy J2K/m 
(c) This is far too small to affect the clarity of the picture. 
h h 
39.53. IDENTIFY and SET UP: AEAt> a Take the minimum uncertainty product, so AE = nA’ with 
m t 
AE 
At =8.4x10" s. m=264m,. Am=—. 
c 
-34 -18 
Execure: AE = L60 2 *=1.26x10"" J. Am= meee : > =14x10™ kg. 
27(8.4xX10~" s) (3.00 10° m/s) 
A 1.4x10 k 
m <S E 58x10" 
m  (264)(9.11x10™~ kg) 
39.54. IDENTIFY: The insect behaves like a wave as it passes through the hole in the screen. 
SET UP: (a) For wave behavior to show up, the wavelength of the insect must be of the order of the diameter of 
the hole. The de Broglie wavelength is 2 = h/mv. 
EXECUTE: The de Broglie wavelength of the insect must be of the order of the diameter of the hole in the screen, 
so A= 5.00 mm. The de Broglie wavelength gives 
h .626x10™ J. 
pe nS Bae as 
mA (1.25x10* kg)(0.00400 m) 
(b) t = x/v = (0.000500 m)/(1.33 x 10” m/s) = 3.77 x 10” s = 1.4 x 10"° yr 
The universe is about 14 billion years old (1.4 x 10" yr), so this time would be about 85,000 times the age of the 
universe. 
EVALUATE: Don’t expect to see a diffracting insect! Wave behavior of particles occurs only at the very small scale. 
39.55. IDENTIFY and SET Up: Use Eq.(39.1) to relate your wavelength and speed. 


=1.1x10~ m/s 


h h 6.626x10™ J-s 
EXECUTE: (a) 4=—, sov= = 
mv mÀ (60.0 kg)(1.0 m) 
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39.56. 


39.57. 


39.58. 


39.59. 


39.60. 


39.61. 


_ distance = 0.80 m 
velocity 1.1x10~° m/s 

Since you walk through doorways much more quickly than this, you will not experience diffraction effects. 

EVALUATE: A 1 kg object moving at 1 m/s has a de Broglie wavelength 4 =6.6x10™ m, which is exceedingly 


small. An object like you has a very, very small Å at ordinary speeds and does not exhibit wavelike properties. 


(a) E=2.58eV = 4.13x10™ J, with a wavelength of 1 = * =4.82x107 m = 482 nm 


(b) t =7.3x10* s(1 y/3.156x10" s) =2.3x10” y 


(b) AE = h CRI 

2mAt 2n(1.64x10™ s) 
(c) 4E =hc, so (AA)E+AAE =0, and|AE/E|=|A4/4 
6.43x10 J 
4.13x10™ J 
IDENTIFY: The electrons behave as waves whose wavelength is equal to the de Broglie wavelength. 


SETUP: The de Broglie wavelength is 2 = h/mv, and the energy of a photon is E = hf = hc/A. 
EXECUTE: (a) Use the de Broglie wavelength to find the speed of the electron. 


pile. 6.626x10™ J-s 
må (9.11x10™ kg)(1.00x10° m) 


=6.43x10” J =4.02x10° eV. 


, SO 


AA = A|AE/E|= (4.82x107” m) =7.50x10" m=7.50x107 nm. 


= 7.27 x 10° m/s 


which is much less than the speed of light, so it is nonrelativistic. 
(b) Energy conservation gives eV = % mv’. 


V = mv’/2e = (9.11 x 107! kg)(7.27 x 10° m/s)*/[2(1.60 x 10° C)] = 1.51 V 


(c) K = eV = e(1.51 V) = 1.51 eV, which is about % the potential energy of the NaCl crystal, so the electron would 
not be too damaging. 

(d) E = hc/A = (4.136 x 10° eV s)(3.00 x 10° m/s)/(1.00 x 10° m) = 1240 eV 

which would certainly destroy the molecules under study. 

EVALUATE: As we have seen in Problems 39.10 and 39.43, when a particle and a photon have the same 
wavelength, the photon has much more energy. 


X h 
sin 0’ = —sin 0, and X = (h/ p’) = (h/ N2mE’), and so 6’ = arcsin) —= sin 8 |. 

3 (h/ p^) = (h/2mE’) | Pa ) 
(6.63x10™ J -s)sin 35.8° aguas 
(3.0010 m)/2(9.11x 107! kg)(4.50x10*°)(1.60x10™ J/eV) 

(a) The maxima occur when 2d sin 0 = må as described in Section 38.7. 
i 10 J. 

Oe ee h Az (6.63x10~™ J-s) 

p \2mE 20.1 1x10” kg)(71.0 eV)(1.60x10-" Jev) 


g= os 


=1.46x10°'°m = 0.146 nm. 


0 =sin"'! (2) (Note: This m is the order of the maximum, not the mass.) 


-10 
gam | EOI) e354 
2(9.10x10™" m) 


(c) The work function of the metal acts like an attractive potential increasing the kinetic energy of incoming 
electrons by eg. An increase in kinetic energy is an increase in momentum that leads to a smaller wavelength. A 


smaller wavelength gives a smaller angle @ (see part (b)). 


1 
(a) Using the given approximation, E = 5(%/ x) / m+ kx’), (dE/dx) = kx - (k? / mx°), and the minimum energy 


occurs when kx = (h’/ mx), or x? = EN The minimum energy is then h/k/m. 


Vink 
(b) They are the same. 
(a) IDENTIFY and SETUP: U= Alx|. Eq.(7.17) relates force and potential. The slope of the function Alx| is not 


continuous at x =0 so we must consider the regions x > 0 and x < 0 separately. 


A 
x|=x so Usira pe BN LLA. For x<0, 


EXECUTE: For x>0, 
dx 


x|=-x so U =—Ax and 


7 d(—Ax) 
dx 


F= 


=+A. We can write this result as F = —A|x|/ x, valid for all x except for x = 0. 
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(b) IDENTIFY and SET Up: Use the uncertainty principle, expressed as ApAx = h, and as in Problem 39.50 
estimate Ap by p and Ax by x. Use this to write the energy E of the particle as a function of x. Find the value of x 


that gives the minimum £ and then find the minimum E. 
2 


EXECUTE: E=K+U=2-+ Alx| 
2m 


px =h, sop =h/x 
2 


Then E = 


ae + Alp. 
2 


For x>0,E= + Ax. 


2mx? 


To find the value of x that gives minimum E set = =0. 
_ -2k 
2mx? 
2 2 1/3 
rz # and x= 4 
mA mA 


With this x the minimum Æ is 


7 213 z 51/3 
= ; (=) 4 4f “) ss si mea $B 3 23 
m m. 


kA? 1/3 
m 


EVALUATE: The potential well is shaped like a V. The larger A is the steeper the slope of U and the smaller the 
region to which the particle is confined and the greater is its energy. Note that for the x that minimizes E, 2K = U. 


0 +A 


* ia, 


39.62. For this wave function, Y* = yře 


‘+y,e",s0 


i(@, —@ )t i(@)—@ )t 


= PH = (wie tyne (wie tyne") = Wy, HY tw We +y e 
The frequencies œ, and œ, are given as not being the same, so hae is not time-independent, and is not the 
wave function for a stationary state. 

39.63. The time-dependent equation, with the separated form for ‘V(x, t) as given becomes 


2 2 
ihy(-iw) = E ey 


m dx 


“ow 


Since y is a solution of the time-independent solution with energy E, the term in parenthesis is Ey, and so 
oh = E, and w =(E/h). 


2 2 2 
SE, Na eon pee E ee Eo page E ETE L 
h h A h h 2m 2m 2m 
: mer ; . . WW dy(x,t) 
(b) From Problem 39.63 the time-dependent Schrédinger’s equation is Sim a + 
m ox 
2 X 
U(x)y(x,t)=iħ MS .U (x) =0 for a free particle, so 2 Aa D2 eE DVG, D 
ot ox h ot 
Try w(x, t) = cos(kx — œt) : 
ae t) = Aw sin(kx — œt) 
ot 
2 
MOD. ust E Y = Ak? cos(kx— ot). 
ox ox 


2mi 


Putting this into the Schrödinger’s equation, Ak’ cos(kx-— œt) = -( n ) Ao sin(kx— at). 


This is not generally true for all x and f so is not a solution. 
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39.65. 


39.66. 


39.67. 


(c) Try w(x, t) =A sin(kx- œt) : 


dyt) =—Ao cos(kx — of) 
ot 
2 
SD Ak cos(kx — œt) and EMD —Ak? sin(kx — ot). 
ox dx? 


Again, —Ak’ sin(kx — œt) = (=) Ao cos(kx — œt) is not generally true for all x and t so is not a solution. 


(d) Try y(x, t) = A cos(kx — ot) + B sin(kx- ot): 
oy (x, t) 
ot 
dyt) _ 


2 
= —Ak sin(kx — wt) + Bk cos(kx — œt) and OVD: 7 
Jz ox 


Putting this into the Schrédinger’s equation, 


=+Aao sin(kx — wt) — Ba cos(kx — of) 


—Ak? cos((kx — wt) — Bk? sin(kx — at). 


—Ak? cos(kx — wt) — Bk’ sin(kx — wt) = -T Aw sin(kx — wt) — Bæ cos(kx— œt)). 


2 


Recall that @ = one Collect sin and cos terms. 
m 


(A+iB)k? cos(kx — wt) + (iA— B)k* sin (kx — wt) =0. This is only true if B = iA. 

(a) IDENTIFY and SET UP: Let the y-direction be from the thrower to the catcher, and let the x-direction be 
horizontal and perpendicular to the y-direction. A cube with volume V =125 cm’ = 0.125x10° m° has side length 
1=V'? =(0.125x10° m’*)'? =0.050 m. Thus estimate Ax as Ax = 0.050 m. Use the uncertainty principle to 
estimate Ap.. 


EXECUTE: AxAp,2h/27 then gives Ap, = Hs DT 0.21 kg- m/s 
f 2mAx 27(0.050 m) 
(The value of h in this other universe has been used.) 


(b) IDENTIFY and SETUP: Ax=(Av,)f is the uncertainty in the x-coordinate of the ball when it reaches the 


catcher, where ż is the time it takes the ball to reach the second student. Obtain Av, from Ap.. 


EXECUTE: The uncertainty in the ball’s horizontal velocity is Av, = Ape Oelse tls 0.84 m/s 
m 0.25 kg 
12 
The time it takes the ball to travel to the second student is t = i = 2.0 s. The uncertainty in the x-coordinate 
s 


of the ball when it reaches the second student that is introduced by Av, is Ax = (Av, )t = (0.84 m/s)(2.0 s)=1.7 m. 
The ball could miss the second student by about 1.7 m. 

EVALUATE: A game of catch would be very different in this universe. We don’t notice the effects of the 
uncertainty principle in everyday life because h is so small. 

(a) "| = A? xe” te +r?) To save some algebra, let u =x", so that lyf =ue~™ f (y,z). 


2 f 1 1 
; the maximum occurs at Uy =—;, H= +——. 


2a’ ° Na 


(b) y vanishes at x=0, so the probability of finding the particle in the x=0 plane is zero. The wave function 


ð 
zl = (2a) |y 


vanishes for x = +o, 


(a) IDENTIFY and SET Up: The probability is P= lv} dV with dV =4ar’dr 


EXECUTE: | = Mee” so P= 4r Are” dr 


(b) IDENTIFY and SET UP: P is maximum where Z =0 
r 


d 2 
EXECUTE: —(r'e°™ )=0 
dr 


2 
~2ar? —2ar" 


—4are°*" =0 and this reduces to 2r—4ar* =0 
r = Q is a solution of the equation but corresponds to a minimum not a maximum. Seek r not equal to 0 so divide by 
rand get 2—4ar’? =0 


2re 


39-14 Chapter 39 


This gives r =——— (We took the positive square root since r must be positive.) 


V2a 


EVALUATE: This is different from the value of r, r = 0, where ly j is a maximum. At r=0, ly j has a 


maximum but the volume element dV = 4zr7dr is zero here so P does not have a maximum at r = 0. 
39.68. (a) Bk) =Ë BO) = Bax =1 
1 242 1 
Bik,)= > =e “" = In /2)=-ark, >k =— Jin) =e. 
Vn 


(b) Using integral tables: y(x) = lis e © coskxdk = Be (ae ). w(x) is a maximum when x = 0. 
a 


nase 
(© y) SAE i eae la “y= In(1/2) > x, =2aVin2 =o, 
4a 2 4a 
@) 0,0, =| 2 |o, =+ + Vina (2crJIn2) = P cong) = tin? 
‘ 27 2r \ 27 = 
. ko . 
39.69. (a) y(x) =|” B(k)cos kxdk = Í of l) coskedk= E _ Sit kox 
0 ok, kyx i kx 


(b) y(x) has a maximum value at the origin x= 0. y(x) =0 when k,x, =7 so x) = = ‘Thus the width of this 
0 


function w, = 2x) = =. If k = Z w, = L. B(k) versus k is graphed in Figure 39.69a. The graph of y(x) versus 


0 


xis in Figure 39.69b. 
m 
(c) If k = aoe 2L. 


(d) w.w.= (= ) (= = =. = = =h. The uncertainty principle states that w,w, 2 =. For us, no matter what 
0 0 T 


0 


; UNSA h 
k, is, w,w, = h, which is greater than —. 
P + on 


W(x) 


17~~<—_- maximum 


B(k) 


xL 


(a) (b) 
Figure 39.69 

p _(h/AF _ nh 

2m 2m 8m 


(b) With L=a, =0.5292x10"? m, E, = 2.15x10” J=134 eV. 


39.70. (a) Fora standing wave, nd =2L, and E, = 
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39.71. 


Time of flight of the marble, from a free-fall kinematic equation is just t = aye a =2.26s. 
\ g \9.81m/s 


Ax, =Ax, + (Av, )t=Ax, + a t= as +Ax, 
m 277A x,m 
eee ¢ d(Ax,) —ht 
To minimize Ax; with respect to Ax, , =0= 5 +1 
d(Ax,) 2am(Ax,) 
= Ax (min) = (£) 
2am 


34 
=> Ax, (min) = Ms 9 jg Z ws ARA O I S 5.1810 = 9.1810" nin: 
2am 2am =m (0.0200 kg) 


QUANTUM MECHANICS 


40.1. 


40.2. 


40.3. 


40.4. 


2H? 
IDENTIFY and SET Up: The energy levels for a particle in a box are given by E, = P 
m. 
1)(6.626x10™ J- s)? 
EXECUTE: (a) The lowest level is for n=1, and E, = CO0 2G XLO HiS) =1.2x10° J. 


8(0.20 kg)(1.5 m)? 


1 | ; Be 
(b) E=—mv’ so v= oF ees Wes 1.1x10™ m/s. If the ball has this speed the time it would take it 
2 m 0.20 kg 


1. 
to travel from one side of the table to the other is t = eae =1.4x10" s. 
1.1x10~° m/s 


2 


(c) £, =. E, =4E,, so AE=E, — E =3E, =30.2x10 J) =3.6x10 J 


(d) EVALUATE: No, quantum mechanical effects are not important for the game of billiards. The discrete, 
quantized nature of the energy levels is completely unobservable. 
h 


8mE, 
E (6.626x10™ J-s) 
J801.673x10” kg)(5.0x10° eV)(1.602x10™ J/eV) 


IDENTIFY: An electron in the lowest energy state in this box must have the same energy as it would in the ground 
state of hydrogen. 


L =6.4x10" m. 


nh? 
8mL 


EXECUTE: An electron in the ground state of hydrogen has an energy of —13.6 eV, so find the width 


SETUP: The energy of the n™ level of an electron in a box is E, = 


corresponding to an energy of E, =13.6 eV. Solving for L gives 
— he (6.626x10™ J-s) 
\8mE, — /8(9.11x107! kg)(13.6 eV)(1.602x 10"? J/eV) 


EVALUATE: This width is of the same order of magnitude as the diameter of a Bohr atom with the electron in the 
K shell. 
(a) The energy of the given photon is 


=1.66x10™" m. 


(3.00x10° m/s) 


S Ee palo J, 
(122x10° m) 


E=hf =ho= (6.63x10™ J-s) 


The energy levels of a particle in a box are given by Eq.40.9 


2 2 2 —34 2 2 2 
Apo” =(n?—n,). L= BMS) ees) TES 2 =3.33x10" m. 
SmI 8mAE 8(9.11x10~' kg)(1.63x10° J) 


(b) The ground state energy for an electron in a box of the calculated dimensions is 
ee (6.63x10™ J-s)° 

8mL 8(9.11K10™! kg)(3.33x10°" m)? 
which does not correspond to the —13.6 eV ground state energy of the hydrogen atom. Note that the energy levels for 


a particle in a box are proportional to n°, whereas the energy levels for the hydrogen atom are proportional to ae 


=5.43x10™ J =3.40 eV (one-third of the original photon energy), 


40-1 


40-2 


Chapter 40 


40.5. 


40.6. 


40.7. 


40.8. 


40.9. 


IDENTIFY and SET Up: Eq.(40.9) gives the energy levels. Use this to obtain an expression for E, — E, and use the 


value given for this energy difference to solve for L. 
2 2 


: h . : i À 
EXECUTE: Ground state energy is E, = 3 ; first excited state energy is E, = eae The energy separation 
m m. 


L 


hh? 
between these two levels is AE = E, - E, = we This gives L=h e = 
8mL 8mAE 


3 
8(9.109x10™' kg)(3.0 eV)(1.602x 10” J/1 eV) 


EVALUATE: This energy difference is typical for an atom and L is comparable to the size of an atom. 
(a) The wave function for n=1 vanishes only at x =O and x= L in the range OS x<L. 
(b) In the range for x, the sine term is a maximum only at the middle of the box, x= L/2. 


=6.1x10° m=0.61 nm. 


L=6.626x10™ J sj 


(c) The answers to parts (a) and (b) are consistent with the figure. 
IDENTIFY and SET Up: For the n=2 first excited state the normalized wave function is given by Eq.(40.13). 


Y,(x)= Z sin( 2 VAE dx= Zan (=) dx. Examine VA wH dx and find where it is zero and where it is 
maximum. 


EXECUTE: (a) TA dx =0 implies sin( 27 =0 


2 
= ma, m=0, 1,2,...; x=m(L/2) 


For m=0, x=0; for m=1, x= L/2; for m=2, x=L 
The probability of finding the particle is zero at x =0, L/2, and L. 


(b) TAK dx is maximum when sin( 22) van | 


=F = (a2), m=1, 3,5,...;x=m(L/4) 


For m=1, x=L/4; for m=3, x=3L/4 
The probability of finding the particle is largest at x = L/4 and 3L/4. 
(c) EVALUATE: The answers to part (a) correspond to the zeros of ly lg shown in Fig.40.5 in the textbook and the 


answers to part (b) correspond to the two values of x where yf in the figure is maximum. 


d’ 
af =~—k’y, and for y to be a solution of Eq.(40.3), k? = E E = Ez 


(b) The wave function must vanish at the rigid walls; the given function will vanish at x= 0 for any k, but to 


82°m 2m 


vanish at x= L, kL = nr for integer n. 


(a) IDENTIFY and SETUP: y= Acoskx. Calculate dy?/dx’ and substitute into Eq.(40.3) to see if this equation is 
satisfied. 
2 


dy 
EXECUTE: Eq.(40.3): -——— = 
a2) 827m dx 


Ey 
dy 


dx 


= A(-k sin kx) = —Ak sin kx 


2 


2. 
= =—Ak(k cos kx) = —Ak? cos kx 


2 


(—Ak? cos kx) = E(Acos kx). 


Thus Eq.(40.3) requires 3 í 


2 
mz“ m 
242 J / 
This says h . =E; k= 2mE a 
8mm (h/27) h 


y = Acoskx is a solution to Eq.(40.3) if k = ame j 

(b) EVALUATE: The wave function for a particle in a box with rigid walls at x=0 and x=L must satisfy the 
boundary conditions y =0 at x=0 and y =0 at x= L. y(0)= Acos0 = A, since cos0=1. Thus y is not 0 at 
x=0 and this wave function isn't acceptable because it doesn't satisfy the required boundary condition, even 
though it is a solution to the Schrödinger equation. 
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40.10. 


40.11. 


40.12. 


40.13. 


40.14. 


(a) The third excited state is n= 4, so 
h? 15(6.626x10™ J - s)? 

8m 809.11x10” kg)(0.125x10° m)? 

he _ (6.63x10™ J -s)(3.0x10° m/s) 


AE =(4 -1) =5.78x10" J=361 eV. 


(b) A= a =3.44 nm 
AE 5.78x10-"' J 
Recall A= soi 
p 2mE 
h? h -10 -10 : : : 
(a) E= A= =2L=2(3.0x10" m)=6.0x10" m. The wavelength is twice the width of 
1 2 5 5 8 
8mL V2mh?/8mL 
-34 
the box. p, = = Soo YS) 11x10 kg-mis 
OX m 
4h? -10 : : 
(b) E, Smi A, =L=3.0x10" m. The wavelength is the same as the width of the box. 
m 


P> -75 2p, =2.2x10™ kg- m/s. 


9h? 
8m 
P, =3p, =3.3x10™ kg- m/s. 

IDENTIFY: Ifthe given wave function is a solution to the Schrödinger equation, we will get an identity when we 
substitute that wave function into the Schrödinger equation. 


(c) E, 


2 
A, 3 L=2.0x10™ m. The wavelength is two-thirds the width of the box. 


l ; 2. (NAX \ ean . ; ; Doe 
SET Up: We must substitute the equation Y (x,t) = i sin( e "into the one-dimensional Schrödinger 


2 2 
equation aie Aa 
2m dx 


+U) = Eya). 


2 2 
EXECUTE: Taking the second derivative of ‘¥(x,t) with respect to x gives a = (=) Y(x,t) 
x 


ate a , K dya) K (nr Ý ; 
Substituting this result into -—— 5 +U (x) w(x) = Ew(x), we get —| — | ¥Q,t)= EY (x,t) which 
2m dx 2m\ L 


2 2 
gives E, = (z) , the energies of a particle in a box. 
2m\ L 
EVALUATE: Since this process gives us the energies of a particle in a box, the given wave function is a solution 
to the Schrödinger equation. 
-H° dy 

a) Eq.(40.1):— +Uy = Ey. 
(a) Eq.( an ae y = Ey 

-i d’ hk? 
Left-hand side: —, (Asin kx) + U, Asin kx = 
2m dx m 


irk? 
Asin kx + U, Asin kx = [AE u,v 
2m 


hk? h? 2 
But 5 +U,>U,>E for constant k. But 
m 


+U, should equal E => no solution. 


21,2 


(b) If E>U,, then +U,=E is consistent and so y = Asin kx is a solution of Eq.(40.1) for this case. 


m 
According to Eq.(40.17), the wavelength of the electron inside of the square well is given by 


k= pc >A, = TEn By an analysis similar to that used to derive Eq.40.17, we can show that outside 


h “^ f2mGU,) 


the box 
Aou = í = : 4 
J2m(E-U,) ./2m(2U,) 


,{2m(3U 
Thus, the ratio of the wavelengths is fos = mBU,) z A 
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40.15. 


40.16. 


40.17. 


40.18. 


40.19. 


40.20. 


40.21. 


Chapter 40 
wh -19 
E, =0.625E_ =0.625 T E, = 2.00 eV =3.20x10™ J 
mM. 
0.625 = 
L=ah = > =3.43x10° m 
2(9.109x 10! kg)(3.20x10" J) 


Since U, =6E,, we can use the result E, = 0.625ẸE_ from Section 40.3, so U, — E, =5.375E,, and the maximum 


wavelength of the photon would be 
he he _ 8mL’c 


~U,-E, (5.375)(h/8mL)  (5.375)h 
_ 89.11x 107! kg)(1.50x10° m)*(3.00x10*m/s) 


A si =1.38x10° m. 
(5.375)(6.63 X10" J-s) 
Eq.(40.16): y = Asin = x+ Bcos ene x 


~2mE 
= = (y) = Eq.(40.15). 


h 
d’y (2) . V2mE (2) J2mE 
T= A z~ |sin x-B z~ [COs x 
dx h h h h 

dy 


2 
oe = K(Ce“ — De“), aa =K (Ce + De) =x’y for all constants C and D. Hence y is a solution to 
x x 


2 


h 
Eq.(40.1) for a K +U, =E, or K=[2m(U, E)|” /h, and «x is real for E<U). 


IDENTIFY: Find the transition energy AE and set it equal to the energy of the absorbed photon. Use E =hc// to 


find the wavelength of the photon. 
24.2 


SETUP: U,=6E,, as in Fig.40.8 in the textbook, so E, =0.625E,, and E,=5.09E_, with E,, = - . i 
m 


In this 


problem the particle bound in the well is a proton, so m =1.673x10” kg. 
mh m’ (1.055x10™ J.s)? 

2m  2(1.673x10” kg)(4.0x10™ m)? 
AE =E, — E, =(5.09-0.625)E,, =4.465E,. AE = 4.465(2.052x10™° J)=9.162x10”° J 

The wavelength of the photon that is absorbed is related to the transition energy by AE =hc/A, so 
he _ (6.626x10™ J-s)(2.998x 10° m/s) 
AE 9.162x10"" J 


EVALUATE: The wavelength of the photon is comparable to the size of the box. 
IDENTIFY: The longest wavelength corresponds to the smallest energy change. 
2 


h 
SET Up: The ground level energy level of the infinite well is E,, = ENA and the energy of the photon must be 
m 


EXECUTE: E = 


=2.052x10™"° J. The transition energy is 


A= =2.2x10* m= 22 fm. 


equal to the energy difference between the two shells. 
EXECUTE: The 400.0 nm photon must correspond to the n=1 to n=2 transition. Since U, =6E_,, we have 


E, =2.43E,, and E, = 0.625E_. The energy of the photon is equal to the energy difference between the two levels, 


: 2 
h, which gives E, = E, — E, > ŻE =(2.43-0.625)E, = 180} 
Í A 8mL 


34 7 
Solving for L gives L= (RE = ROHAN d Aane wE 4.68x10-"° m=0.468 nm. 
8mc 8(9.11x10™ kg)(3.00x10" m/s) 


EVALUATE: This width is approximately half that of a Bohr hydrogen atom. 


and E_ = 
8 


jie 


7 =16 5 |1-Ë enman EF _OON ag U, =SeV =8.0x10" J. 
7 7 U, 11.0eV 


(a) L= 0.80x10° m: T=16 6.0 eV 1 6.0 ev g2 0-80x10° m)4/2(9.11x107°! kg)(8.0x107!? J) /1.055x10~4 J-s =44x 10° 
11.0eV 11.0eV 


(b) L=0.40x10° m: T =4.2x10~. 
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40.22. 


40.23. 


40.24. 


40.25. 


The transmission coefficient is T = z(t — E) mUD with E=5.0 eV, L=0.60x10° m, and 


0 0 


m=9.11x10™ kg 

(a) U, =7.0eV >T =5.5x10*. 

(b) U, =9.0eV >T =1.8x10° 

(e) U, =13.0eV >T =1.1x107. 

IDENTIFY and SETUP: Use Eq.(39.1), where K = p°/2m and E =K +U. 

EXECUTE: A=hlp =hlN2mK , SO ANK is constant 

AJK, =A JK; A, and K, are for x> L where K,=2U, and A, and K, are for 0<x<L where 
K,=E-U, =U, 


A = K, = Uo a 1 
A, K, 2U, V2 


EVALUATE: When the particle is passing over the barrier its kinetic energy is less and its wavelength is larger. 


IDENTIFY: The probability of tunneling depends on the energy of the particle and the width of the barrier. 


SET Up: The probability of tunneling is approximately T =Ge~"", where G = f: = z) and 


0 0 
{2m(U,-E) 


c= =. 
h 


Execute: G=16£| 1-4 |=16200&% í ue x) 3.27. 
0 0 70.0 eV 70.0 eV 


"A J2mU,-E) _ [201.67x107" kg)(70.0 eV -50.0 eV)(1.60x10-” J/eV) 
h (6.63x10™ J-s)/2x 
1 3.27 
11 -1 nf 
2(9.8x10'' m™) (0.0030 


If the proton were replaced with an electron, the electron’s mass is much smaller so L would be larger. 
EVALUATE: An electron can tunnel through a much wider barrier than a proton of the same energy. 


E E J2mU, -E 
IDENTIFY and SET Up: The probability is T= Ae~”, with A= sifi -= ) and K= a. 
0 0 


=9.8x10" m” 


Solving T = Ge” for L gives L= 5 -INGIT) = )- 3.6x10°" m=3.6 pm 
K 


E =32 eV, U, =41 eV, L=0.25x10° m. Calculate T. 


EXECUTE: (a) azidi Eisi = )=2.741. 
) 


i U, 41 41 
J2mU, — E) 
k= + 
h 
ae 29.109x10 kg)(41 eV -32 eV)(1.602 x10" J/eV) 
1.055x10™ J-s 
T = Ae?" = OMe m')(0.25x10” m) _ 2.741e7® = 0.0013 
(b) The only change in the mass m, which appears in x. 
J2mU, — E) 
k= + 
h 
Ses {21.673 10” kg)(41 eV —32 eV)(1.602x10"” J/eV) 
1.055x10™ J-s 
Then T = Ae?! = (BAe m™)(0.25x10 m) _ 2.74163? =10 78 
EVALUATE: The more massive proton has a much smaller probability of tunneling than the electron does. 


=1.536x10"° m“ 


=6.584x10" m” 
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40.26. T=Ge* with G=16 1 and x= "Bak , soT =16 1 e ‘ ; 
0 0 h Uy Uy 
(a) If U, =30.0x10° eV, L=2.0x10°" m, m=6.64x10 kg and 
U,- E=1.0x10° eV (E =29.0x10° eV), T = 0.090. 
(b) If U,- E =10.0x10° eV (E = 20.0x10° eV), T = 0.014. 
40.27. IDENTIFY and SET Up: The energy levels are given by Eq.(40.26), where w= E 
m 
EXECUTE: @= E DLL R 21.0 rad/s 
m 0.250 kg 
The ground state energy is given by Eq.(40.26): 
E,= sho $(1.055%10™ J-s)(21.0 rad/s) = 1.1110 J(1 eV/1.602x10™ J) =6.93x10" eV 
1 1 
E,= a hO, Em = URIE ho 
The energy separation between these adjacent levels is 
AE =E,,,—E, =h@=2E, =2(1.11x10-° J) =2.22x10™ J=1.39x10"" eV 
EVALUATE: These energies are extremely small; quantum effects are not important for this oscillator. 
2 
40.28. Let Jmk’ /2h=6, and so w =~2xdy and e =(4x°0" —26)y, and y is a solution of Eq.(40.21) if 
Ne x 
h? 1 7 1 
E=—6 =—ħN k/m = —ho. 
m 2 2 
40.29. IDENTIFY: We can model the molecule as a harmonic oscillator. The energy of the photon is equal to the energy 
difference between the two levels of the oscillator. 
SETUP: The energy of a photon is E, = hf =hc/A, and the energy levels of a harmonic oscillator are given by 
E, -fas fE -a+ -Jo 
2 m 2 
é -34 7, 8 
EXECUTE: (a) The photon’s energy is E, = he (oslo ist WANE 0.21 eV 
” A 5.8x10° m 
M ; ko è  . athe kK i ; 
(b) The transition energy is AE=E_,,- E, =ħ@=ħ,|—, which gives =h,|—. Solving for k, we get 
m m 
Dr 2: 2, 8 2 -26 
K- An m _ 4r (3.0010 =O) ai kg) = 5,900 N/m. 
A (5.8x10™ m) 
EVALUATE: This would be a rather strong spring in the physics lab. 
40.30. According to Eq.(40.26), the energy released during the transition between two adjacent levels is twice the ground 
state energy E,—-E, =ho=2E, =11.2 eV. 
For a photon of energy E 
N -34 7, 8 
a S52 c _ he _ (6.63x10~ J SIODA m/s) 111 nm. 
f E (11.2 eV)(1.60x10~" J/eV) 
40.31. IDENTIFY and SET UP: Use the energies given in Eq.(40.26) to solve for the amplitude A and maximum speed 


Vmax Of the oscillator. Use these to estimate Ax and Ap, and compute the uncertainty product AxAp,. 


max 


EXECUTE: The total energy of a Newtonian oscillator is given by E = LKA? where k’ is the force constant and A 
is the amplitude of the oscillator. Set this equal to the energy E =(n+ +)ho of an excited level that has quantum 


number n, where @= B and solve for A: 4A =(n+4)ho 
m 


Az ee 


The total energy of the Newtonian oscillator can also be written as E = imi 


max * 


Set this equal to E=(n++4)ho and 


solve for Vaa: tmv =(n+4)ho 


max* 2 max 


ete (2n+Dho 
max m 


Quantum Mechanics 40-7 


40.32. 


40.33. 


40.34. 


40.35. 


Thus the maximum linear momentum of the oscillator is Pax = MV nax = V (27 + Dmoæ. Assume that A represents 


max 


the uncertainty Ax in position and that Pa is the corresponding uncertainty Ap, in momentum. Then the 


uncertainty product is AxAp, = nen? [en +Dhmo = (2n+ mof” =(2n+ Dh (2) =(2n+)h. 
(a 


EVALUATE: For n=1 this gives AxA p, =3h, in agreement with the result derived in Section 40.4. The 


uncertainty product AxA p, increases with n. 
Al’ Vink’ 
(a) A | = ef ny a) = exo mk’ 2) =e" =0.368. 
lW O)| ħ k 
This is consistent with what is shown in Figure 40.20 in the textbook. 
2A) [mk 
(b) A 4 l= aap a aE exo( mk’ 4 2) =e =1.83x102. 
Zo) h k 


This figure cannot be read this precisely, but the qualitative decrease in amplitude with distance is clear. 
IDENTIFY: We model the atomic vibration in the crystal as a harmonic oscillator. 


SET Up: The energy levels of a harmonic oscillator are given by E, = (» + a fe = fn + Jo 
m 


EXECUTE: (a) The ground state energy of a simple harmonic oscillator is 


, —34 
r = inosine = 05510 Fs) | BANM _9.43x10 A =S RIX eV 
2 2m 2 3.82x10 kg 


. -34 y, 8 
n A E E honey eas E a Sem) 
E 188x107 J 


=106 um 


(c) E,,,-E, =h@=2E, =0.0118 eV 


EVALUATE: These energy differences are much smaller than those due to electron transitions in the hydrogen 
atom. 

IDENTIFY: Ifthe given wave function is a solution to the Schrödinger equation, we will get an identity when we 
substitute that wave function into the Schrédinger equation. 


SET Up: The given function is w(x) = Ae“, and the one-dimensional Schrödinger equation is 


Y Uya) = Eya). 


EXECUTE: Start with the given function and take the indicated derivatives: y(x) = Ae™. xa = Aike™. 
x 

d’ : is, d? h 2 h? 

vO) = APK e =-Ake™. vo) =-k’y(x). d vx) = 

dx dx 2m dx 2m 


27,2 


k’y(x). Substituting these results into the 


one-dimensional Schrödinger equation gives 


W(x) +U (x)= E y(x). 
2m 


27,2 


““ is a solution to the one-dimensional Schrödinger equation if E-U, = ae or 
m 


EVALUATE: wW(x)=Ae 


k=! au ee (Since U, <E was given, k is the square root of a positive quantity.) In terms of the particle’s 


momentum p: k = p/h, and in terms of the particle’s de Broglie wavelength A: k =2z/A. 
IDENTIFY: Let refer to the region x<0 and let J refer to the region x >0, so w,(x) = Ae™* + Be“ and 


q i Wr oy 20, 
dx 


W(x) =Ce™. Set w,(0) =y;, (0) an 


SET UP: 4 (gtx) =ike™. 
dx 


EXECUTE: y,(0)=y,,(0) gives A+B=C. = = at x=0 gives ik,A—ik,B =ik,C. Solving this pair of 
x 


1 


k,-k 2k. 
equations for B and C gives B -| = Ja and C -| 2 Ja 
1t 2 i +k, 
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t oe B? (k-k, re Adee! 
EVALUATE: The probability of reflection is R = — =--—_~.. The probability of transmission is 
A’ (k,+k,) 
2 Ak? 
eee Sees, Note that R+T =1. 
A’ (k,+k,) 
D?-n? 2n+1 2 1 
40.36. (a) R,= ni ) ae sete = z- This is never larger than it is for n = 1, and R, = 3. 
n n non 
(b) R approaches zero; in the classical limit, there is no quantization, and the spacing of successive levels is 
vanishingly small compared to the energy levels. 
27,2 
40.37. IDENTIFY and SET Up: The energy levels are given by Eq.(40.9): E, = ~ . Calculate AF for the transition 
and set AE =hc/A, the energy of the photon. 
hk? 
EXECUTE: (a) Ground level, n=1, E, =; 
8mL 
2 
First excited level, n= 2, E, = en 
8mL 
2 
The transition energy is AF = E, — E = Sam Set the transition energy equal to the energy hc/A of the emitted 
m 
he 3h? 
hoton. This gives —=——. 
p j A 8m 
A= 8mcL’ _ 8(9.109x10™*' kg)(2.998x 10° m/s)(4.18x10° m)? 
3h 3(6.626x10™ J-s) 
A=1.92x10° m=19.2 um. 
h? h An? h? 
(b) Second excited level has n=3 and E, = La The transition energy is AE = E, — E, = 2 z z= 2 re 
8mL 8mL 8mL 8mL 
he 5k 8mcL 3 
= so A= =—(19.2 “m)=11.5 um. 
A 8mP? Sh 5 i Pa 4 
EVALUATE: The energy spacing between adjacent levels increases with n, and this corresponds to a shorter 
wavelength and more energetic photon in part (b) than in part (a). 
LJ4 
40.38. (a) ZSE sin? aef L 1- cos? ]ar= H x- sin) =+, which is about 0.0908. 
Lo L Lio 2 L L 20 L), 4 2a 
L/2 
(b) Repeating with limits of L/4 and L/2 gives 1 x L sin IR zs! + : ; 
L 2a L jy 4 24 
about 0.409. 
(c) The particle is much likely to be nearer the middle of the box than the edge. 
(d) The results sum to exactly 1/2, which means that the particle is as likely to be between x =O and L/2 as it is to 
be between x= L/2 and x= L. 
(e) These results are represented in Figure 40.5b in the textbook. 
40.39. 


IDENTIFY: The probability of the particle being between x, and x, is P ly| dx, where w is the normalized 
wave function for the particle. 


(a) SET UP: The normalized wave function for the ground state is y, = ie sin( =) 


EXECUTE: The probability P of the particle being between x= L/4 and x=3L/4 is 


P= |7 Wy far=2f7 sin?| Z lar. Let y= ax/L; dx =(L/n)dy and the integration limits b /4 and 
=| yl n=l sin T x. Let y= mx/L;, dx =(L/z) dy and the integration limits become 7/4 an 
3714. 
3a/4 
2(L)p374. 5 2/1 1. 
a sin’ ydy =—] — y ——sin2 
alle we are 4 Jy 


2| 3m m 1 .(3m 1. (T 
= sın +—sin 
z|8 8 4 2 4 2, 


2 1 1 1 1 1 1 
P= 4 (-)+—(W) |=—+—=0.818. (Note: The integral formula Jsin? ydy =— y—~—sin2y was used.) 
T 4 4 2 m 2 4 
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40.40. 


40.41. 


40.42. 


40.43. 


(b) SET Up: The normalized wave function for the first excited state is y, = E sin( = 


3L/4 


EXECUTE: P= Liss 


lv.l'dx = op sin’ (=) dx. Let y=2mx/L; dx=(L/2m)dy and the integration limits 


become 77/2 and 37/2. 
32/2 


pao Ep sintyay=2] 3 y—tsin2y -1(72-4) 0.500 
L\ 2a jt 7? aL2 4 a2. ANA 4 


(c) EVALUATE: These results are consistent with Fig.40.4b in the textbook. That figure shows that vl is more 


concentrated near the center of the box for the ground state than for the first excited state; this is consistent with the 
answer to part (a) being larger than the answer to part (b). Also, this figure shows that for the first excited state half 


the area under lvl curve lies between L/4 and 3L/4, consistent with our answer to part (b). 
Using the normalized wave function y, = JJL sin(zx/L), the probabilities Iy Ê? dx are 

(a) (2/L) sin’ (/4)dx = dx/L 

(b) (2/L) sin’ (2/2)dx = 2dx/L 

(c) (2/L)sin’ (32/4) = dx/L. 


IDENTIFY and SET Up: The normalized wave function for the n=2 first excited level is y, = 2 sin =) 


P= kol dx is the probability that the particle will be found in the interval x to x+ dx. 
EXECUTE: (a) x= L/4 


ro E EEEE 


P =(2/L)dx 
(b) x= L/2 


y(x)= fl 20) = Einm =0 
P=0 


(c) x=3L/4 


ro- f(E Ee- 


P =(2/L)dx 


EVALUATE: Our results are consistent with the n= 2 part of Fig.40.5 in the textbook. yt is zero at the center 


of the box and is symmetric about this point. 


ss = h 
AP = Pina — Pinisiat- |p| =hk = - 


h 5 hn > : 
= a At x=0 the initial momentum at the wall is Piia = aa and the final 


momentum, after turning around, is Pani = Man . So, Ap =+ n i les i |=+ i i. At x=L the initial 
2L 2L 2L L 
pen es hn + i : . oo hn > 
momentum is Piua = kog and the final momentum, after turning around, is Pani = A So, 
Ap= hn » hne _ hn; 
2L 2L L 
. Rhus: ; d’y(x) 2m REGAN 
(a) For a free particle, U (x)=0 so Schrödinger's equation becomes ae = =z AG The graph is given in 
Ix 


Figure 40.43. 


2 222 
(b) For x <0: y(x =e. BUG) Ke, GRAUDA Ke. So K= m E>E= AK ; 
dx dx h 2m 


2 
(c) For x> 0: w(x)=e™. BUN ke™. Ca Ke 
dx dx 
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2 WK 
So again x° = = E>E= Sox Parts (c) and (d) show w(x) satisfies the Schrodinger's equation, provided 
m 
2,2 
E- hr 
2m 
(d) Note ww is discontinuous at x = 0. (That is, negative for x > 0 and positive for x < 0.) 
x 
pa) 
1 
1 L j- 1— xjk 
=2, = 0 1 2 
Figure 40.43 
40.44. IDENTIFY: We start with the penetration distance formula given in the problem. 
SET Up: The given formula is 7 = a 
f2m(U, — E) 
EXECUTE: (a) Substitute the given numbers into the formula: 
-34 
jz h _ 1.055x10~™" J-s =7.4x10"! m 
J2mU, - E) 20.1 1x10 kg)(20 eV —13 eV)(1.602x10™ J/eV) 
-34 
(b 1.055x10™™" J-s = 1.441078 m 


Ul = 
(201.67x107" kg)(30 MeV — 20 MeV)(1.602x10™ J/MeV) 


EVALUATE: The penetration depth varies widely depending on the mass and energy of the particle. 
40.45. (a) We set the solutions for inside and outside the well equal to each other at the well boundaries, x =0 and L. 


x=0:Asin(0)+B=C => B =C, since we must have D=0 for x <0. 


V2mEL = V2mEL _ Ser 
h 


x= L: Asin a + Be +De “~ since C=0 for x > L. 


V2mE 
at 


This gives Asin kL + B cos kL = De", where k = 


(b) Requiring continuous derivatives at the boundaries yields 


x=0: < = kAcos(k:0)— kBsin(k 0) =kA = KCe*? > kA= KC 
x 


x= L: kAcoskL-— kBsin kL =—KDe™. 


JNmU,-E 
40.46. T=Ge* with G=16 aC z) and K= me E l in 2) 


0 


0 


If E=5.5eV,U, =10.0eV, m=9.11x107! kg, and T = 0.0010. Then 
-31 -19 
„= V20-11x10 kg)(4.5 eVX(L.60x10” J/eV) _ 09x10 m- andG -16552 hi- 5.5eV }-3.96 


(1.05410 J - s) 10.0 eV 10.0eV 
1 0.0010 
so L=- 
2(1.09x10" m“ 3.96 
40.47. IDENTIFY and SET UP: When KL is large, then e is large and e™ is small. When «L is small, 
sinh KL — KL. Consider both xL large and «L small limits. 
(U, sinh KL)? | 
4E(U,- E) 


)- 3.8x10™ m=0.38 nm. 


EXECUTE: (a) T= hs 
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sinh KL = £ 


KL 


For «L>>1, sinhkL > > and T hi + 


Uet |’ 16EU,-E) 
16E(U, -E) 16E(U, —E)+Uje™ 
For KL>>1, 16E(U,- E)+Uje"" > Ufe’ 


r EVE) -14f È f: E a which is Eq.(40.21). 


Uge” U, 0 
L.J2mU,-E 
(b) KL= n So xL>œ>1 when L is large (barrier is wide) or U, — E is large. (E is small compared to U,.) 


; k becomes small as £ approaches U,. For x small, sinh kL > xL and 


re J2mU, -E) 
i 


za liy ek Ines |, Ue2mU.- EE 
4E(U, -E) i 4E(U, - EB) 


-1 
l (using the definition of x) 


Zy T! 
Thus T > jp ok 
4Eh° 


h? 


2ELm |" 
U, > E so SE and roia 


27! 
But k’ = HE, so T (4) | , as was to be shown. 


EVALUATE: When XL is large Eq.(40.20) applies and T is small. When E — U,, T does not approach unity. 
40.48. (a) E= jm? =(n+ (1/2))ho = (n+ (1/2))hf , and solving for n, 


1 2 
mee MV 1 /2)(0.020 kg)(0.360 m/s)? 1 
hf 2  (6.63x10™ J-s)\(1.50 Hz) 2 


(b) The difference between energies is hw = hf = (6.63x10™ J - s)(1.50 Hz) =9.95 x10% J. This energy is too 
small to be detected with current technology 
40.49. IDENTIFY and SET UP: Calculate the angular frequency œ of the pendulum and apply Eq.(40.26) for the energy levels. 
2m 2m -1 
EXECUTE: @=— = =47 s 
T  0.500s 


The ground-state energy is E, = sho = 055x10™ J-s)(4z s')=6.63x10™ J. 


=1.3x10". 


E, = 6.63x10™ J(1 eV/1.602x10™ J) =4.14x10- eV 


E,= Gan 
2, 


E= [n+1+5 }no 
2 
The energy difference between the adjacent energy levels is 
AE=E,,,—E, =h@=2E, = 1.33x10™ J=8.30x10"" eV 
EVALUATE: These energies are much too small to detect. Quantum effects are not important for ordinary size objects. 
40.50. IDENTIFY: We model the electrons in the lattice as a particle in a box. The energy of the photon is equal to the 
energy difference between the two energy states in the box. 


24,2 

h oe ; 
u E We do not know the initial or final levels, but 
m 


we do know they differ by 1. The energy of the photon, /c/A, is equal to the energy difference between the two states. 
he _ (6.63x10™ J-s)(3.00x10° m/s) _ 
A 1.649x107 m 


1.206108 J. Using the formula for the energy levels in a box, this energy difference is equal to 
2 


k h 
AE=| n 1)° =(2n-1 A 
Ln we? lene ee mE 


SETUP: The energy of an electron in the n” level is E, = 


EXECUTE: The energy difference between the levels is AE = 
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40.51. 


40.52. 


AE8mL? zila 1{ d.206x10™° J)8(9.11x10™"! kg)(0.500x10° m)? 41l=3 
h? 2 (6.626x10™ J- s)? f 

The transition is from n=3 to n=2. 

EVALUATE: We know the transition is not from the n= 4 to the n=3 state because we let n be the higher state 
and n—1 the lower state. 

IDENTIFY: Ifthe given wave function is a solution to the Schrödinger equation, we will get an identity when we 
substitute that wave function into the Schrédinger equation. 

SET Up: The given wave function is y,(x) = Aer ’? and the Schrödinger equation is 


h @y(x) ke 
n =E , 
Pm dè 7 w(x) w(x) 


Solving for n gives n -Í 


EXECUTE: (a) Start by taking the derivatives: y(x) = Ae". ww =- xAe**. 
x 


d(x ee een UW lx 
ee ) =-Aore P (SF RAe.. oa ) =[-a + (07) x] y, (x). 
h d’ Kw h d? kx’ 
AYO) A io + (@2)?x2] y,(x). Equation (40.22) is VO) EX W(x) = E w(x). Substituting 
2m dx 2m 2m dx 2 
hoea oe kx? mo 
the above result into that equation gives ras + S x] W(x) + “5, Vo) =E y(x). Since a= = and 
4 vr Kw > mæ 
@= 2 the coefficient of X is -—-(a@’)° +— =- (=) + marz 0. 
m 2m 2 2m\ h 2 


1/4 
mo 
(b) A, = (=) 


(c) The classical turning points are at A = + K The probability density function lv is 
am 
mo 


1/2 
He. y, Í _| m0 
hn s hn i 


d 2 1/2 445 1/2 ae d 2 
ato [me coro =e me) xe? At pao, 4M Ko, 
a 


1/2 
AEJ = ere -( eR x= 0, 


dx h \ha dx 

d 4 z ua 2.2 d’ 2 
poe) =2 He) a [1—2a°x7Je** . At x=0, a Woo <0. Therefore, at x=0, the first derivative is 
dx h ha dx 


zero and the second derivative is negative. Therefore, the probability density function has a maximum at x =0. 


be} h? 
EVALUATE: Y,(x)=A,e** is a solution to equation (40.22) if 5 CA MA =E y(x) or 
m 


E= E = a E= e corresponds to n=0 in Equation (40.26). 
m 


IDENTIFY: Ifthe given wave function is a solution to the Schrödinger equation, we will get an identity when we 
substitute that wave function into the Schrödinger equation. 


SETUP: The given wave function is y,(x) = A,2xe"* 
h d’y(x) kx? 
+ 
2m dx? 2 
EXECUTE: (a) Start by taking the indicated derivatives: y,(x) = A,2xe 


and the Schrödinger equation is 


VN=E yx). 


0 x7/2 


2 

dy (x) _ 20? x2 Ae OF 4 WA eel. ay (x) = 2A 0? 2x08? 2A Ox? (xe? ?? 4A (axe, 
dx i : dx? 1 1 1 

dy (x 

wa [207 (8) x? - 07] W(x) =[13 ES] W(X) 
h dy (x Kw 

E ie ) => [-30? + (02)? x?] y(x) 
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40.53. 


A dya) kx 


Equation (40.22) is — i ae y(x)=E y(x). Substituting the above result into that equation gives 
m dx 
2 Leer , 
a Ag +(x] W(x) + kx W(x) =E y(x). Since a = me and @= fe the coefficient of x° is 
2m 2 h m 
, 2 
Res ey +4 er (=) mO _o 
2m 2 2m\ h 2 
1 mo 1/4 
(b) 4 = z) 
' J2\ ax 
1 mo 1/2 _ max 
(c) The probability density function lvl is lwo =A?47@%* = (ze) 4x’e * 
m 
d á a2 2 2 22 22 
At x=0, |y Í =0. daa = Ap8xe** + A 4x (02x) = A 8x A Ba eA 
x 
d 2 d 2 
At x=0, dbl o, At go. awl _ 9 
dx a dx 
d’ i v y 22 v Ay 22 
WG = Ap8e%* + A Bx 2x)e** — A8(3x are ** —A8x*'a?(-a 2x)e"* . 
d’? ° 222 242) 2,2 BD d’ i 
Ar = Ae AIGLE — More + A6 Pe At x=0, ca ACI >0. So at 
x 
x=0, the first derivative is zero and the second derivative is positive. Therefore, the probability density function 
T 1 Po È a a eee 
has a minimum at x=0. At x=+—, aa E <0. Soat x=+—, the first derivative is zero and the second 
X a 


derivative is negative. Therefore, the probability density function has maxima at x =+—, corresponding to the 
a 


classical turning points for n=0 as found in the previous question. 


-aP x? 125 


2 
EVALUATE: y, (x)= 4 2xe is a solution to equation (40.22) if -E 3yo) = E y(x) or 
m 


Wa? 3h 
E= i a z E= = corresponds to n=1 in Equation (40.26). 
m 


IDENTIFY and SET Up: Evaluate 0°y/dx’, 0°y/dy’, and 0°y/dz’ for the proposed y and put Eq.(40.29). Use 


that y,,, W, and y, are each solutions to Eq.(40.22). 


2 2; 2. 2. 
EXECUTE: (a) — f Vy 9y + ə K) Uy = Ey 


2m\ dx dy az? 
; h CW, lyo 
Wa Wa > W, are each solutions of Eq.(40.22), so — z tkr y, SE, Yn 
í 4 2m dx 2 3 ae 
ray, 1 
- “+i ky, =E 
2m dy’ 2 y Wnr, n Wn 
wdy, 1 
— n kz’ =E 
2m d? 2 Yn = En Yn 


1 , 
V =Y, COV, OW, C), U = ake 


K E oy ow 


ae ay? aa tUy=(E, +E, +E, Ww 
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40.54. 


40.55. 


40.56. 


Therefore, we have shown that this y is a solution to Eq.(40.29), with energy 


E =E, +E, +E, =(n+0, +n, iJo 


NNN, 


(b) and (c) The ground state has n, =n, =n, =0, so the energy is Eoo =S hw, There is only one set of n,,n, and 


n, that give this energy. 
5 


First-excited state: n, =1, n, =n, =0 orn, =1, n, =n, =0 orn, =1, n, =n, =0 and Eo = Epi) = Eoo, = h@ 
A i É ° 2 


There are three different sets of n,, n,, n, quantum numbers that give this energy, so there are three different 


quantum states that have this same energy. 

EVALUATE: For the three-dimensional isotropic harmonic oscillator, the wave function is a product of one- 
dimensional harmonic oscillator wavefunctions for each dimension. The energy is a sum of energies for three one- 
dimensional oscillators. All the excited states are degenerate, with more than one state having the same energy. 


@, = Jk /m, œ, =k;,/m. Let y, (x) be a solution of Eq.(40.22) with E, = [n +5] ho,,y,,(y) be a similar 
solution, Wn, (z) be a solution of Eq.(40.22) but with z as the independent variable instead of x, and 
energy E, = (n. + 2) QO, 


(a) As in Problem 40.53, look for a solution of the form y(x, y, z) = Wn, Cy, ( Yn. (z). Then, 


2 


R dy 1 dy y 
T= í E, ke Jy with similar relations for —> and —. Adding, 
2m ox = 2 oy Oz 
wl(dy Fy oy í E dish a oy 3 
+ + =| E, +E, +E kx k kz 
alse Oy Oe se gk eee yh 


=(E, tE, +E, -U)y =(E-U)y 
1 
where the energy E is E = E, +E, +E, = Hen tn, + Deo; + Ç + 5) o, |wi n,n, andn, all nonnegative 


integers. 


(b) The ground level corresponds to n, = n, =n, = 0, and E = nfo +02} The first excited level corresponds to 


F 3 A 
n, =n, =Oand n, =1, since o > o7, and E= hal oso: . There is only one set of quantum numbers for both 


x 


the ground state and the first excited state. 
(a) y(x) =A sin kx and y(—L/2) =0=yw(+L/2) 


o= Asin (2) TK opo 2 
2 L A 
2 242 22 
Jen ypa AE 2 ei ce , where n = 1, 2... 
n An L 2m 2mL 8mL 
(b) w(x) = A cos kx and y(—L/2) =0=y(+L/2) 
Gm As kL ML n+) p- ent Da _ 2a 
2 2 2 L A 
2L 2n+1)h 
A= => P, = a= 
(2n+1) 2L 
24,2 
pe CEE Oho 
8mL 
(c) The combination of all the energies in parts (a) and (b) is the same energy levels as given in Eq.(40.9), where 
wh 
"gme 


(d) Part (a)’s wave functions are odd, and part (b)’s are even. 
(a) As with the particle in a box, w(x) = A sin kx, where A is a constant and k’ =2mE / h°. Unlike the particle in a 


box, however, k and hence E do not have simple forms. 
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(b) For x> L, the wave function must have the form of Eq.(40.18). For the wave function to remain finite as 
x > œ, C =0. The constant x’ = 2m(U, — E)/h, as in Eq.(14.17) and Eq.(40.18). 
(© At x= L, Asin kL= De™ and kA cos kL =—xDe™“’. Dividing the second of these by the first gives 
k cot kL = —x, a transcendental equation that must be solved numerically for different values of the length L and 
the ratio EJU.. 
p h h 
40.57. (a)E=K+U(x)=—+U (x) > p=/42m(E-U(x)). A= A(x) = ; 
2m Pp J2mE-U (x) 
(b) As U(x) gets larger (i.e., U(x) approaches E from below—recall k 2 0), E-U (x) 
gets smaller, so A(x) gets larger. 
(c) When E =U (x), E —U (x) = 0, so A(x) => œ. 
b dx dx 1 
(@) | -— -=f = 
A(x) *«h/J2m(E-U()) h 


(e) U(x) =0 for 0< x< L with classical turning points at x = 0 and x = L. So, 


f ” f2m(E—U@) dx= f V2mEdx = V2mE | dx = J2mEL. So, from part (d), 
hn 1 


2 2x9, 
2mEL = E= (=) n 


ie 2m(E —U(x)) dx=— sj; 2m(E— UO) r=. 


2 2m\2L)  8mL’. 
(£) Since U(x) =0 in the region between the turning points at x = 0 and x = L, the results is the same as part (e). 


The height U, never enters the calculation. WKB is best used with smoothly varying potentials U(x). 


40.58. (a) At the turning points E = skid, Ürt ie 
b) [ee fom E-t de=”. To evaluate the integral it into a form th hes th 
(b) in BEIR m et Xx” |dx = a o evaluate the integral, we want to get it into a form that matches the 


standard integral given. ,/2m (e ee) = V2mE - mk’x? = J mk’ ce x =k’ a 
\ m 


Letting A= gE ge a ,andb=+ eo 
k Vk Vk 


= Vink’ | fa? x dx=2 mm [va x Praon J 


-m fE pE IE OE rosi csa (AEE ay J- ink’ 25 wosino= 2E 77) 


Using WKB, this is equal to hn , SO a zm . Recall œ = n so E= k on=hon. 
2 k 2 m 27 


b 


h 1 
(c) We are missing the zero-point-energy offset of = (recan E= hofn + J} However, our approximation isn’t 


bad at all! 


40.59. (a) At the turning points E = A| xrel Xpp =H x 


(b) ee * {2m(E— Alx))dx = af ^ [2m(E — Ax) dx. Let y= 2m(E- Ax) > 
dy =—2mA dx when x= =. y =0, and when x =0, y = 2mE. So 
0 


2 
af 2m(E — Ax) jd =——_ Jy"? Drea A yi? 


2/3 
3mA 2 2m 


7 Comey”. Using WKB, this is equal to m So, 
mA 2 


2mE 3 
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(c) The difference in energy decreases between successive levels. For example: 
PP — 0°? =1,27 - 1° =0.59, 3” -2° =0.49.... 
e A sharp œ step gave ever-increasing level differences (~ n°). 


e A parabola (~ x°) gave evenly spaced levels (~n). 


e Now, a linear potential (~ x) gives ever-decreasing level differences (~ n*”). 


Roughly speaking, if the curvature of the potential (~ second derivative) is bigger than that of a parabola, then the 
level differences will increase. If the curvature is less than a parabola, the differences will decrease. 


ATOMIC STRUCTURE 


41.1. 


41.2. 


41.3. 


41.4. 


41.5. 


41.6. 


41.7. 


IDENTIFY and SETUP: L=j/@+)h. L =mħ. 1=0, 1, 2,...,n-1. m =0, +1, +2,..., £1. cosO=L,/L. 
EXECUTE: (a) /=0: L=0, L,=0. l=1: L=V2h, L,=h,0,-h. l=2: L=V6h, L, =2A,h,0,-h,-2h. 

(b) In each case cos@=L,/L. L=0: Ø not defined. L=V2h: 45.0°, 90.0°, 135.0°. L=6n: 

35.3°, 65.9°, 90.0°, 114.1°, 144.7°. 

EVALUATE: There is no state where L is totally aligned along the z axis. 

IDENTIFY and SET Up: L=./l(/+1)h. L,=mh. 1=0,1,2,....n—1. m,=0,+1,+2,...,41. cosĝ0 = L/L. 

EXECUTE: (a) /=0: L=0, L,=0. l=1: L=J2h, L,=h,0,-h. 1=2: L= Joh, L, =2h,f,0,-h,-2h. 1=3: 
L=2y3h, L, =3h,2h,h,0,-h,—2h,-3h. 1=4: L= 25h , L, =4h,3h, 2h,h,0,—h,-2h,—3h,—4h . 

(b) L=0: Onot defined. L=J2h: 45.0°,90.0°,135.0°. L=J6n: 35.3°,65.9°,90.0°,114.1°,144.7°. L=2V3n : 
54.7°,73.2°,90.0°, 106.8°, 125.3°,150.0°. L=2V5h : 26.6°,47.9°,63.4°,77.1°, 90.0°,102.9°,116.6°, 132.1°,153.4°. 
(c) The minimum angle is 26.6° and occurs for /=4, m, =+4 . The maximum angle is 153.4° and occurs for 
1=4, m, =-4. 

IDENTIFY and SET Up: The magnitude of the orbital angular momentum L is related to the quantum number / by 
Eq.(41.4): L=Jl@+ Dh, 1=0, 1, 2,... 


2 -34 bi 
EXtČUTE: u+y=(4] (He kg mis 20 


h 1.055x10™ J-s 
And then /(/ +1) = 20 gives that l= 4. 
EVALUATE: / must be integer. 
(a) (IM) max = 25 SO (L, ) max = 2. 
(b) 10 +Dh = Von = 2.45h. 
(c) The angle is arccos (=) = arccos “2 and the angles are, for m, = —2 to m, = 2, 144.7°, 
114.1°, 90.0°, 65.9°, 35.3°. The angle corresponding to m, =} will always be larger for larger l. 
IDENTIFY and SET UP: The angular momentum L is related to the quantum number / by Eq.(41.4), L= 10+ DA. 
The maximum J, Liao 
EXECUTE: For n=2, /,,. =1 and L= 2h =1.414h. 
For n= 20, Lax =19 and L=./(19)(20)h = 19.49). 


For n= 200, |. =199 and L =./(199)(200)h =199.5h. 


max 


for a given n is lax =n—1. 


EVALUATE: As n increases, the maximum L gets closer to the value nf postulated in the Bohr model. 
The (/, m,) combinations are (0, 0), (1, 0), (1, +1), (2, 0), (2, +1), (2, +2), (3, 0), 
(3, £1), (3, +2), (3, +3), (4, 0), (4, +1), (4, +2), (4, £3), and (4, +4), a total of 25. 

13.60eV _ 


(b) Each state has the same energy (n is the same), eT a —0.544 eV. 
= -19 cry2 
U= 1 qqa _ -l ae Cy 23x10 J 
4ra r  4ze, 1.0x10 m 
—2.3x10°% J 


=-14.4 eV. 


= 1.60x10™ J/eV 
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41.8. (a) As in Example 41.3, the probability is 


al2 uk a 4 a ar a -2rja 5e" 
P=[" Iy, P 4zr'dr = e =1-—— =0.0803. 
ig “AY Gi. 2 2 4 2 


(b) The difference in the probabilities is (1 — 5e”) -— (1-— (5/2)e') = (5/2)(e* — 2e”) = 0.243. 
41.9. (a) ly ?=y "y = Rr) PIO) P (Ae? )(Ae*™*) = A? | R(r) P10(6)?, which is independent of ¢ . 
1 
J on 


E 
AB, = E,- E, = 75- E, = -(0.75)E,. 


2 


Qn 2r 
b) | IDP dø=4 [ “dd = 20d =1> A= 


4 
1 me 


41.10. E = 
ý (47e,)° nh? 


(a) If m,=m=9.1 1x10! kg 

me’ _ (9.10910! kg)(1.602 10" C)* 
(4r y h 2(1.055x10™ J- s} 
For 2—1 transition, the coefficient is (0.75)(13.59 eV) = 10.19 eV. 


(8.988x10? N-m?/C)’ =2.177x10"8 J=13.59 eV 


(b) If m, = using the result from part (a), 


4 
qe = (13.59 ev?) = (= x) =6.795 eV. 
TE, m 


Similarly, the 2 —1 transition, > (2) =5.095 eV. 


(c) If m, =185.8m, using the result from part (a), 


4 
me 


and the 2 1 transition gives > (10.19 eV)(185.8) = 1893 eV. 
Anah _ oh 


41.11. IDENTIFY and SET UP: Eq.(41.8) gives a= ya 
m,e mMm, e 


185.8m 


m 


= 2525 eV, 


EXECUTE: (a) m =m 
_ 6h? _ (8.85410 C*/N-m’)(6.626x10™ J-s)” 


2 z 5 =0.5293x10™" m 
mm,e 7(9.109x 10! kg)(1.602x10"" C) 
(b) m, =m/2 
k —10 
a= 2) |=1.059x10™ m 
mMm, e 


(© m, =185.8m 


2 
a=— | ©" |< g49x10? m 
185.8\ zm,e 


EVALUATE: ais the radius for the n=1 level in the Bohr model. When the reduced mass m, increases, a 


decreases. For positronium and muonium the reduced mass effect is large. 
41.12. e’"’ =cos(m@) +isin(m@), and to be periodic with period 27, m,2x must be an integer multiple of 27, so m, 


must be an integer. 


41.13. P(a)= flv, 2V = [iret aarar) ; 
0 


4 pa > ora 4|(-ar? ar a) om “ A-Á e @ Pee ar 
P(a)= -f re” dr= eels | = e-+—e 
aè te a 2 2 4 a 2 2 4 4 


=> P(a)=1-5e”. 
41.14. (a) AE = uB = (5.79x10™ e V/T)(0.400 T) = 2.32x10” eV 


(b) m, =-2 the lowest possible value of m,. 
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41.15. 


41.16. 


41.17. 


41.18. 


41.19. 


(c) The energy level diagram is sketched in Figure 41.14. 
l = 2 (d); field on 
+2 


1=2(d);nofield {~ +1 


loi ull 


Figure 41.14 

IDENTIFY and SET Up: The interaction energy between an external magnetic field and the orbital angular 
momentum of the atom is given by Eq.(41.18). The energy depends on m, with the most negative m, value having 
the lowest energy. 
EXECUTE: (a) For the 5g level, /=4 and there are 2/+1=9 different m, states. The 5g level is split into 9 levels 
by the magnetic field. 
(b) Each m, level is shifted in energy an amount given by U =m,u,B. Adjacent levels differ in m, by one, so 
AU = UB. 
_ eh _ (1.602x10 C)(1.055x10™ J-s) 

2m 2(9.109x10™' kg) 
AU = uB = (9.277x10™ A/m’)(0.600 T) = 5.56610 J(1 eV/1.602x10" J) =3.47x10° eV 


(c) The level of highest energy is for the largest m,, which is m, =l = 4; U, =4,B. The level of lowest energy is 


=9.277x10™ A -m? 


B 


for the smallest m,, which is m, =—l =—4; U_, =—4,B. The separation between these two levels is 

U,-U_, =8,B =8(3.47x10° eV) =2.78x10~ eV. 

EVALUATE: The energy separations are proportional to the magnetic field. The energy of the n=5 level in the 
absence of the external magnetic field is (-13.6 eV)/5? =—0.544 eV, so the interaction energy with the magnetic 


field is much less than the binding energy of the state. 
(a) According to Figure 41.11 in the textbook there are three different transitions that are consistent with the 
selection rules. The initial m, values are 0, +1; and the final m, value is 0. 


(b) The transition from m, = 0 to m, = 0 produces the same wavelength (122 nm) that was seen without the magnetic field. 
(c) The larger wavelength (smaller energy) is produced from the m, =—1 to m, =0 transition. 

(d) The shorter wavelength (greater energy) is produced from the m, =+1 to m, =0 transition. 

U  (2.71x10” eV) 
l (5.79x10° e V/T) 


3p>n=3,1=1 AU = mB > B =0.468 T 


(b) Three: m, =0,+1. 


7 e \(-h\ _ (2.00232) 
(a) u =+2.0232( -4 | i Ja > MaB 


_ (2.00232) 


U= (5.788x10° e V/T)(0.480 T) =—2.78x10° eV. 


(b) Since n = 1, /=0 so there is no orbital magnetic dipole interaction. But if n + 0 there could be since l <n 
allows for l #0. 
IDENTIFY and SET Up: The interaction energy is U =—f- B, with 4, given by Eq.(41.22). 


EXECUTE: U =-[i-B= +B, since the magnetic field is in the negative z-direction. 


u. =-(2.00232)| — |S., so U =-(2.00232)| -— | S.B 
. 2m) ` 2m) ~ 
eh 
S.=m,h, so U = -2.00230{ | mB 
m 
eh = 
£! = fly =5.788X10° eV/T 
2m 
U =~2.00232u,m,B 


The m, = A level has lower energy. 


AU = u|m = 2) U (n =+ : = 200232 B| -1 = (+3) = +2.00232u,B 


AU = +2.00232(5.788X10~ eV/T)(1.45 T) =1.68x10™ eV 
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EVALUATE: The interaction energy with the electron spin is the same order of magnitude as the interaction 
energy with the orbital angular momentum for states with m, #0. Buta 1s state has = 0 and m, =0, so there is no 
orbital magnetic interaction. 
: coe 1 1 3 3 5 
41.20. The allowed (l, j) combinations are | 0, a Pa be E MDA and| 2, — |. 
2 2 2 2 2 
41.21. IDENTIFY and SETUP: j can have the values /+1/2 and /—-1/2. 
EXECUTE: Ifj takes the values 7/2 and 9/2 it must be that /—1/2=7/2 and 1=8/2=4. The letter that labels 
this lis g. 
EVALUATE: / must be an integer. 
-15 8 8 
41.22. (a) A= he _ (4.136x10 ° eV ene m/s) _ diem: fe c _ (3.00x10° m/s) 
AE (5.9x10™ eV) A 0.21 m 


=1.4x10° Hz, a short radio 
wave. 


(b) As in Example 41.6, the effective field is B = A E J Quy =5.1x 10” T, for smaller than that found in the example. 
41.23. IDENTIFY and SET UP: Fora classical particle L= æ. For a uniform sphere with mass m and radius R, 


I= E mR, so L= (ime Jo Solve for @ and then use v= rø to solve for v. 


EXECUTE: (a) r= fn so mito fn 
4 5 4 


js 5J3/4h  543/4(1.055x10™ J-s) 
2mR?° 2(9.109x10™ kg)(1.0x10" m)? 
(b) v=r@= (1.0x10" m)(2.5x10” rad/s) =2.5x10"° m/s. 


EVALUATE: This is much greater than the speed of light c, so the model cannot be valid. 
41.24. However the number of electrons is obtained, the results must be consistent with Table (41.3); adding two more 


=2.5x10* rad/s 


electrons to the zinc configuration gives 1s*2s*2 p°3s?3p°4s°3d'"°4p? . 


41.25. The ten lowest energy levels for electrons are in the n = | and n = 2 shells. 


n=1,1=0,m, =0, m, = £5: 2states 
1 

n=2,1=0,m,=0, ee ASAE 
1 

n=2,1=1,m,=0,+1, Hye OR 


41.26. For the outer electrons, there are more inner electrons to screen the nucleus. 
41.27. IDENTIFY and SET Up: The energy of an atomic level is given in terms of n and Z,,, by Eq.(41.27), 


E,= (74 (13.6 eV). The ionization energy for a level with energy —E, is +E,. 


n 
n 


2.771) 
EXECUTE: n=5 and Z,, =2.771 gives E, = -212 a36 eV) =—4.18 eV 


The ionization energy is 4.18 eV. 
EVALUATE: The energy of an atomic state is proportional to Z;,. 


41.28. For the 4s state, E =—4.339 eV and Z,,, = 4,/(—4.339)/(—13.6) = 2.26. Similarly, Z,,,=1.79 for the 4p state and 


1.05 for the 4d state. The electrons in the states with higher / tend to be further away from the filled subshells and 
the screening is more complete. 
41.29. IDENTIFY and SET Up: Use the exclusion principle to determine the ground-state electron configuration, as in 


Table 41.3. Estimate the energy by estimating Z,,,, taking into account the electron screening of the nucleus. 
EXECUTE: (a) Z=7 for nitrogen so a nitrogen atom has 7 electrons. N** has 5 electrons: 1s*2s*2p. 
(b) Z..,=7—4=3 for the 2p level. 
z 3? 
E, = (24036 eV)= Tape eV) =-30.6 eV 
n 
(c) Z=15 for phosphorus so a phosphorus atom has 15 electrons. 
P™ has 13 electrons: 1s*2s*2 p°3s73p 
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41.30. 


41.31. 


41.32. 


41.33. 


41.34, 


41.35. 


(d) Z =15—12=3 for the 3p level. 
Zz 3 
E, = {2 Ja6 eV) =-— (13.6 eV) =—13.6 eV 
. n 3 


EVALUATE: In these ions there is one electron outside filled subshells, so it is a reasonable approximation to 
assume full screening by these inner-subshell electrons. 


(a) E, oo ney Ling SO Z =1.26. 


(b) Similarly, Z,,, = 2.26. 

(c) Z, becomes larger going down the columns in the periodic table. 

IDENTIFY and SET UP: Estimate Z,,, by considering electron screening and use Eq.(41.27) to calculate the 
energy. Z. is calculated as in Example 41.8. 


EXECUTE: (a) The element Be has nuclear charge Z =4. The ion Be* has 3 electrons. The outermost electron 
sees the nuclear charge screened by the other two electrons so Z,,, =4—2=2. 


n 


Vie 2? 
E --(2#Jas6 eV) so E, =- 3G eV) =—13.6 eV 


2: 
(b) The outermost electron in Ca* seesa Z =2. E, = -7503.6 eV) =-3.4 eV 
EVALUATE: For the electron in the highest /-state it is reasonable to assume full screening by the other electrons, 
as in Example 41.8. The highest /-states of Be”, Mg*, Ca’, etc. all have a Z,, =2. But the energies are different 


because for each ion the outermost sublevel has a different n quantum number. 


3 
E,.=(Z- 1)°(10.2eV). Z=1+ Texy = 28.0, which corresponds to the element Nickel (Ni). 
\ 2e 


(a) Z =20: f =(2.48x10" Hz)(20—-1)* =8.95x10" Hz. 

c _ 3.00x10° m/s 
f  8.95x10" Hz 
(b) Z= 27: f =1.68x10'° Hz. E=6.96 keV. 2=1.79x10° m. 

(© Z=48: f =5.48x10" Hz, E=22.7 keV, A =5.47x10™ m. 


IDENTIFY: The orbital angular momentum is limited by the shell the electron is in. 
SETUP: Foran electron in the n shell, its orbital angular momentum quantum number / is limited by 0 < l< n, 


E =hf = (4.14x10™ eV -s) (8.95x10" Hz) =3.71 keV. 2= =3.35x10" m. 


and its orbital angular momentum is given by L= Jid+) h. The z-component of its angular momentum is 
L,=mh, where m= 0, +1, ... , +l, and its spin angular momentum is S = 3/4 h for all electrons. Its energy in 
the n” shell is E, =—(13.6eV)/n’. 

EXECUTE: (a) L=,//(+1)h=12i=>1=3. Therefore the smallest that n can be is 4, so E, = — (13.6 eV)/n? = 
— (13.6 eV)/4? = -0.8500 eV. 

(b) For / = 3, m, = +3, +2, +1, 0. Since L, = m/f, the largest L, can be is 3A and the smallest it can be is —3h . 
(c) S= J314 h for all electrons. 

(d) In this case, n = 3, so l = 2, 1, 0. Therefore the maximum that L can be is Laa = 222+ )Dh= J6h. The 


minimum L can be is zero when / = 0. 
EVALUATE: At the quantum level, electrons in atoms can have only certain allowed values of their angular momentum. 
IDENTIFY: The total energy determines what shell the electron is in, which limits its angular momentum. 


SET Up: The electron’s orbital angular momentum is given by L=.//(/ +1) fh, and its total energy in the n” shell 
is E, =-(13.6 eV)/n’. 
EXECUTE: (a) First find n: E, = —(13.6eV)/n? = —0.5440 eV which gives n = 5, so l = 4, 3, 2, 1, 0. Therefore the 


possible values of L are given by L=,/1(/+)i, giving L = 0, 2h, 6h, V12h, 20h. 

(b) Es = — (13.6 eV)/6° = -0.3778 eV. AE = Es — E; = -0.3778 eV — (0.5440 eV) = +0.1662 eV 

This must be the energy of the photon, so AE = hc/A, which gives 

A= hclAE = (4.136 x 10° eV -s )(3.00 x10° m/s)/(0.1662 eV) = 7.47 x 10° m = 7470 nm, which is in the infrared 
and hence not visible. 

EVALUATE: The electron can have any of the five possible values for its angular momentum, but it cannot have 
any others. 
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41.36. 


41.37. 


41.38. 


41.39. 


IDENTIFY: For the N shell, n = 4, which limits the values of the other quantum numbers. 
SETUP: Inthe n” shell, 0<1<n, m= 0, 1, ... , +l, and m, = +1/2. The orbital angular momentum of the 


electron is L= J/(/+1)h and its spin angular momentum is S = v3/4A. 


EXECUTE: (a) For l= 3 we can have m = +3, +2+, +1, 0 and m, = +; for l = 2 we can have m; = +2, +1, 0 and 
m, = 4⁄2; for l = 1, we can have m, = +1, 0 and m, = +1/2 ; for l= 0, we can have m; = 0 and m, = 1/2. 


(b) For the N shell, n = 4, and for an f-electron, / = 3, giving L=4I0 +1) h= 3+1) A =vV12A . L, = 
mħ=+3h, +2ħ, +h, 0, so the maximum value is 34. S =/3/4h for all electrons. 


(c) For a d-state electron, / = 2, giving L=./2(2+)h= Jon . L,=mh, and the maximum value of m; is 2, so the 
maximum value of L, is 2% . The smallest angle occurs when L, is most closely aligned along the angular 
L. 2ħ 2 


L ven V6 
angle occurs when L, is as far as possible from the L-vector, which is when L, is most negative. Therefore 


COSO a Se ai and @,,,, =144.7°. 


max 6 V6 
(d) This is not possible since / = 3 for an f-electron, but in the M shell the maximum value of / is 2. 
EVALUATE: The fact that the angle in part (c) cannot be zero tells us that the orbital angular momentum of the 
electron cannot be totally aligned along any specified direction. 
IDENTIFY: The inner electrons shield part of the nuclear charge from the outer electron. 


momentum vector, which is when L, is greatest. Therefore cos@,,, = and Onin = 35.3°. The largest 


2 
SET Up: The electron’s energy in the n” shell, due to shielding, is E, = -Ze 13,6eV) , where Zerre is the 
n 


n 


effective charge that the electron “sees” for the nucleus. 


\(-1.947 eV) 


13.6 eV 

= 1.51. The nucleus contains a charge of +11e, so the average number of electrons that screen this nucleus must 
be 11 — 1.51 = 9.49 electrons 

(b) (i) The charge of the nucleus is +19e, but 17.2e is screened by the electrons, so the outer electron “sees” 19e — 
17.2e = 1.8e and Zer = 1.8. 

à Zig 1.8)° 
(ii) E, = = a (13.6 eV)= A = 
EVALUATE: Sodium has 11 protons, so the inner 10 electrons shield a large portion of this charge from the outer 
electron. But they don’t shield 10 of the protons, since the inner electrons are not totally equivalent to a uniform 
spherical shell. (They are lumpy.) 


an Ul) 
f dr 

the electron from the nucleus in the Bohr model. 

(a) IDENTIFY and SET UP: The energy is given by Eq.(38.18), which is identical to Eq.(41.3). The potential 

energy is given by Eq.(23.9), with q =+Ze and q, =-—e. 


2. 2 
EXECUTE: (a) E, = -Zx 13.6 eV) andn = 4 for the 4s state. Solving for Zo gives Z, = | G 
n 


(13.6 eV) =-2.75 eV 


See Example 41.3; r° A =Cr’e = Ce™ (2r—(2r’/a)), and for a maximum, r = a, the distance of 


1 me U(r) 1 e 
3 Le 
(476) 2h? Ane, r 


2 


EXECUTE: £,, = 


me* l e 


1 
E = U(r) gives = 
y g (4me,) 2h? Ame, r 


(47¢,)2n° 
F = 7 = 
me 
EVALUATE: The turning point is twice the Bohr radius. 


(b) IDENTIFY and SET UP: For the 1s state the probability that the electron is in the classically forbidden region 
is P0 >2a)= | y, 


2a 


"dV = snf V, rar. The normalized wave function of the 1s state of hydrogen is given in 


Example 41.3: y,,(r) = e’’'*, Evaluate the integral; the integrand is the same as in Example 41.3. 


1 
yra? 


1 a 
EXECUTE: P(r>2a)= an - Jj re?!’ dr 
Na 2a 
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2 


Use the integral formula Í re”dr= er + as + 2 } with @=2/a. 
a a a 
4 2 2 aa be 4 
P(r >2a)=-— gu ees =+ +e "(2a +a? +a°/4) 
a 2 2 4 A a 


P(r > 2a) =4e”(13/4)=13e* = 0.238. 
EVALUATE: These is a 23.8% probability of the electron being found in the classically forbidden region, where 
classically its kinetic energy would be negative. 

41.40. (a) For large values of n, the inner electrons will completely shield the nucleus, so Z,,, =1 and the ionization 


energy would be e ; 
13.60 eV 
(b) Zay. 1.11x10* eV, Z = (350) a, = (350) (0.529107 m) =6.48x10% m . 


13.60 eV 


c) Similarly for n = 650, ———— 
w ree (6507 


= 3.22x10° eV, rs = (650) (0.529x10™ m) = 2.24x10° m. 


41.41. 


V(r) = "e -2er 
V32a° a 


(a) IDENTIFY and SETUP: Let J = WA 


"dV = 4af. yal rar. If y,, is normalized then we will find that 
T=1. 


1 z 4 l p» 4r r’ 
EXECUTE: [= sz] (2-7) e™rdr= >f jpe y L e™dr 
32ma` j”? a 8a °° a a 


with œ =1/a 


n+1? 


Use the integral formula N xe dx = 


I= leye )- 4 nay" + rana] = 58 —24+24)=1; this y,, is normalized. 
a a a 


(b) SET Up: Fora spherically symmetric state such as the 2s, the probability that the electron will be found at 


4a 4a 
r< 4a is P(r <4a)= f W, “dV = Arf Wo. rdr., 
3 4 

EXECUTE: P(r<4a)= = : [ar 4r 4 lear 

8a? t0 aa 
Let P(r <4a) esky +L +L). 

8a” ° 
a, 4a 2 -rla 
L =4f; re" "dr 
c2 2 
Use the integral formula fr’e®dr = co! + "4 ) with œ =1/a. 
a a a 


I= fe“ (rat 2ra’ + 2a°)I9" =(-104e* +8)a’. 
_ 4 4a 3 -rla 
L= sk re” “dr 


° 3 6r 
e 


3 


Use the integral formula fr’e™® dr = a + 3 with œ =1/a. 
a 


a @ a 


co Serra +3r'a’ + 6ra’ + 6a*)]5" = (568e * — 24)a’. 
a 


1 a 
I = —| g r'e" dr 


a? t0 


t 4r 12r? 24r 24 
Use the integral formula fre” dr =-e”” a S + f + T4 z | with w@=1/a. 
a a a a a 


1 
1,=-Sle" (r'a+4r'a’ +12r°a? + 24ra* +24a°)] 0 = (-824e* + 24)a’. 
a 
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41.42. 


41.43. 


41.44, 


41.45. 


41.46. 


Thus P(r <4a)= ath +1,+1,)= sais 244+ 24]+ e“[-104 + 568 — 824]) 
a 


3 
a 


P(r <4a) T 360e“) =1- 45e“ =0.176. 


EVALUATE: There is an 82.4% probability that the electron will be found at r > 4a. In the Bohr model the 
electron is for certain at r = 4a; this is a poor description of the radial probability distribution for this state. 


(a) Since the given y(r) is real, r’ ly ?=r°y*. The probability density will be an extreme when 
Srv) =2 Ga + re) = orgy + ræ) =0. This occurs at r = 0, a minimum, and when wy =0, also a 
r r r 


bok ; d PRS DEREN z 
minimum. A maximum must correspond to y + r£ = 0. Within a multiplicative constant, y(r) =(2- r/ ae, 


i 

di 1 

= =-—(2- raje”, and the condition for a maximum is (2 — r/a) = (r/a) (2- r/2a), or r° — 6ra + 4a’ =0. 
r a 


The solutions to the quadratic are r=a(3+ V5). The ratio of the probability densities at these radii is 3.68, with 
the larger density at r=a(3+ V5) : 
(b) y=0atr=2a 


Parts (a) and (b) are consistent with Figure 41.5 in the textbook; note the two relative maxima, one on each side of 
the minimum of zero at r = 2a. 


IDENTIFY: Use Figure 41.2 in the textbook to relate 0, to L, and L: cos6, = L so 0, = arccos = ) 


(a) SETUP: The smallest angle (@,),,,, is for the state with the largest L and the largest L,. This is the state with 


l=n-1 and m =l=n-1. 
EXECUTE: L,=mfh=(n-\h 


L=Jl(+)h=J—-Dnh 


2 (n=Vh_)_ (n-D )_ h1) m 
(A, ) min ss a ecos- arccos] 7 ) arccos(V¥1—1/n). 


EVALUATE: Note that (0,) 


approaches 0° as n>. 


(b) SET Up: The largest angle (@,),,,, is for /=n—1 and m, =—-l=—(n-l). 
EXECUTE: A similar calculation to part (a) yields (0,),,,, =arccos(—V1—1/n) 


EVALUATE: Note that (0,),,,, approaches 180° as n — œ. 


max 


(a) È+ È =P-L=10+)h -mh so JÈ +È = Jl +1) - mph. 
(b) This is the magnitude of the component of angular momentum perpendicular to the z-axis. 
(c) The maximum value is //(/+ Dhi=L, when m, =0. That is, if the electron is known to have no z-component 


of angular momentum, the angular momentum must be perpendicular to the z-axis. The minimum is Vih when 
m =. 


4 4 
ro- Jre zd l J[or z aes L T r=4a. Inthe Bohr 
a 


dr ( 24a? a r a 
model, r, = n’a so r, = 4a, which agrees. 
The time required to transit the horizontal 50 cm region is t = uae pot 
v, 525 m/s 
2Az P 0.1079 kg/mol 2(0.50x10° m) _ 

t? (6.022x10” atoms/mol ) (0.952x10° s)? 

+1.98x10” N. According to Eq.(41.22), the value of u, is |u, 1=9.28x10™* A-m’. Thus, the required 
_|F|_ 1.98x10” N 
u| 9.28x10™ J/T 


= 0.952 ms. The force required to 


deflect each spin component by 0.50 mm is F, = ma, = £m 


magnetic-field gradient is =21.3 T/m. 


Z 
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41.47. 


41.48. 


41.49. 


41.50. 


Decay from a 3d to 2p state in hydrogen means that n=3-—>n=2and m, = +2, +1, 0 — m, = +1,0. However 
selection rules limit the possibilities for decay. The emitted photon carries off one unit of angular momentum so 
l must change by | and hence m, must change by 0 or +1. The shift in the transition energy from the zero field 


AB 
value is just U = (m, — m, ) 3B = a (m, —m,), where m, is the 3d m, value and m, is the 2p m, value. Thus 


there are only three different energy shifts. They and the transitions that have them, labeled by the m, names, are: 


ehB 


7271, 150, O--1 
2m 

0:1—>1, 0-0, 15-1 
eħB ee -1>0, -2>-1 
2m 


IDENTIFY: The presence of an external magnetic field shifts the energy levels up or down, depending upon the 
value of m. 

SET UP: The selection rules tell us that for allowed transitions, AJ = 1 and Am, = 0 or +1. 

EXECUTE: (a) E = hc/A = (4.136 x 10°” eV -s )(3.00 x 10° m/s)/(475.082 nm) = 2.612 eV. 

(b) For allowed transitions, Al = 1 and Am, = 0 or +1. For the 3d state, n = 3, l = 2, and m; can have the values 2, 1, 
0, -1, —2. In the 2p state, n = 2, l = 1, and m,can be 1, 0, —1. Therefore the 9 allowed transitions from the 3d state 
in the presence of a magnetic field are: 


l 2, m 2 > l 1, mı 1; 
l=2,m=1 —> l=1,m,=0 
l 2, m 1 > Í 1, mı 1 
l=2,m=0 — l=1,m=0 
l 2, m 0 >l 1, mı 1 
l=2,m=0 —> l=1,m,=-1 
l 2, m 1 > l=1,m=0 
l=2,m=-1 —> l=1,m=-1 


l 2, m 2 > l=1,m=-1 
(c) AE = ugB = (5.788 x 10° eV/T)(3.500 T) = 0.000203 eV 
So the energies of the new states are -8.50000 eV + 0 and -8.50000 eV + 0.000203 eV, giving energies of: 
8.50020 eV, —8.50000 eV, and —8.49980 eV 
(d) The energy differences of the allowed transitions are equal to the energy differences if no magnetic field were 
present (2.61176 eV, from part (a)), and that value +AE (0.000203 eV, from part (c)). Therefore we get the 
following. 
For E = 2.61176 eV: A = 475.082 nm (which was given) 
For E = 2.61176 eV + 0.000203 eV = 2.611963 eV: 


A = hc/E = (4.136 x10™ eV -s )(3.00 x 10° m/s)/(2.611963 eV) = 475.045 nm 
For E = 2.61176 eV — 0.000203 eV = 2.61156 eV: 
A = hc/E = (4.136 x10™ eV -s )(3.00 x 10° m/s)/(2.61156 eV) = 475.119 nm 


EVALUATE: Even a strong magnetic field produces small changes in the energy levels, and hence in the 
wavelengths of the emitted light. 

IDENTIFY: The presence of an external magnetic field shifts the energy levels up or down, depending upon the 
value of m). 

SET Up: The energy difference due to the magnetic field is AE = ugB and the energy of a photon is E = hc/A. 
EXECUTE: For the p state, m, = 0 or +1, and for the s state m, = 0. Between any two adjacent lines, AE = upB. 
Since the change in the wavelength (AA) is very small, the energy change (AE) is also very small, so we can use 


ua . Since AE = ugB, we get u,B = nen and B= nea : 
A Mp 


differentials. E = hc/A . |\dE |= sad and AE = 


B = (4.136 x 10° eV -s )(3.00 x 10° m/s)(0.0462 nm)/(5.788 x 10° eV/T)(575.050 nm)” = 3.00 T 
EVALUATE: Even a strong magnetic field produces small changes in the energy levels, and hence in the 
wavelengths of the emitted light. 

(a) The energy shift from zero field is AU, =m,u,B. 


For m, = 2, AU, = (2) (5.79x10° e V/T) (1.40 T) =1.62x107 eV. 
For m, =1, AU, = (1)(5.79x10” e V/T) (1.40 T) =8.11x10% eV. 


IAEI 
E 


0 


(b) IA2 E4, 


, where E, = (13.6 eV)((1/4)—(1/9)), A, = Bh = 6.563107’ m 
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and AE =1.62x10~ eV—8.11x107 eV =8.09x10” eV from part (a). Then, |AA|=2.81x107' m=0.0281 nm. 
The wavelength corresponds to a larger energy change, and so the wavelength is smaller. 
41.51. IDENTIFY: The ratio according to the Boltzmann distribution is given by Eq.(38.21): Th eP , where 1 is 
Ny 
the higher energy state and 0 is the lower energy state. 
SET Up: The interaction energy with the magnetic field is U =-y,B= 2.00232 ) m, B (Example 41.5.). The 
m 
energy of the m, = + level is increased and the energy of the m, = 5 level is decreased. 
N12 = e7 U2 U2 AT 
Nij2 
eh 1 1 eh 
EXECUTE: U,,, —U_,,, =2.00232 B = 2.00232) — |B = 2.00232 4B 
2m 2 2 2m 
M2 = g~ (2.00232) BAT 
Nij2 
(a) B=5.00x10° T 
Nj = 2: 00232(9.27410 Alm? )(5.00x10~ T)/([1.381x10” J/K][300 K]) 
Niz 
Zu = e20" — 0,99999978 = 1- 2.2x107 
Aira 
(b) B=5.00x10° T, 42 =e?" -0,9978 
Naj 
(c) B=5.00x10° T, 2 = e°% = 0.978 
Nija 
EVALUATE: For small fields the energy separation between the two spin states is much less than kT for 
T =300 K and the states are equally populated. For B=5.00 T the energy spacing is large enough for there to be 
a small excess of atoms in the lower state. 
41.52. Using Eq.(41.4), L= mvr =./1(1+ Dh, and the Bohr radius from Eq.(38.15), we obtain the following value for v: 
Vl t+ Dh ; >. 
v= ( 5 DP v26 ORW RS) aw = 7.74x10° m/s. The magnetic field generated by the 
mina)  27(9.11X10~ kg) (4) (5.29x10 m) 
“moving” proton at the electrons position can be calculated from Eq.(28.1): 
$ -49 5 > o 
palo! cee p_ (107 T-m/A) (1.60x10 E) ai a) sin(90°) =0277T. 
4r r (4) (5.29x10™ m) 
: 3 1 1 3 
41.53. IDENTIFY and SET UP: m, can take on 4 different values: m, = 7 T7 + 7 + 7" Each nlm, state can have 4 
electrons, each with one of the four different m, values. Apply the exclusion principle to determine the electron 
configurations. 
EXECUTE: (a) Fora filled n=1 shell, the electron configuration would be 1s*; four electrons and Z =4. Fora 
filled n=2 shell, the electron configuration would be 1s*2s*2p'*; twenty electrons and Z = 20. 
(b) Sodium has Z =11; 11 electrons. The ground-state electron configuration would be 1s*2s*2p’. 
EVALUATE: The chemical properties of each element would be very different. 
41.54, (a) Z? (-13.6eV) = (7)° (-13.6 eV) = —666 eV. 


(b) The negative of the result of part (a), 666 eV. 
(c) The radius of the ground state orbit is inversely proportional to the nuclear charge, and 


= = (0.529x10 m)/7 =7.56x10” m. 
he he 


Ar ndia] 


(d) A= 


, where E, is the energy found in part (b), and 1 = 2.49 nm. 
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41.55. 


41.56. 


41.57. 


(a) IDENTIFY and SET UP: The energy of the photon equals the transition energy of the atom: AE =hc//A. The 


energies of the states are given by Eq.(41.3). 


EXECUTE: E, = 1AN eN so E,= a eV and E, = 13.60 eV 


n 2 
n 


AE=E, — E, =13.60 ev[-i+ i = “(13.60 eV) = 10.20 eV = (10.20 eV)(1.602107 J/eV) = 1.634107" J 


he _ (6.626x10™ J-s)(2.998x10* m/s) 
AE 1.634x10°" J 

(b) IDENTIFY and SET UP: Calculate the change in AF due to the orbital magnetic interaction energy, 
Eq.(41.17), and relate this to the shift AA in the photon wavelength. 

EXECUTE: The shift of a level due to the energy of interaction with the magnetic field in the z-direction is 
U =m zB. The ground state has m, =0 so is unaffected by the magnetic field. The n= 2 initial state has 


A= =1.22x107 m=122 nm 


m, =—1 so its energy is shifted downward an amount U =m,u,B = (-1)(9.274x10™ A/m?)(2.20 T) = 
(-2.040x 10 J(1 eV/1.602x107° J) =1.273x107 eV 


Note that the shift in energy due to the magnetic field is a very small fraction of the 10.2 eV transition energy. 
Problem 39.56c shows that in this situation |AA/A| = |[AE/E]. This gives 


1.273x10* eV 
10.2 eV 


EVALUATE: The upper level in the transition is lowered in energy so the transition energy is decreased. A smaller 
AE means a larger A; the magnetic field increases the wavelength. The fractional shift in wavelength, AA// is 


|AA| = A|AE/E|=122 nm - 1.52x10° nm =1.52 pm. 


small, only 1.2x 10%. 

The effective field is that which gives rise to the observed difference in the energy level transition, 

R= AE hc É =) 2amc É sA 
Us My AA, e AA, 

than that for sodium. 

IDENTIFY: Estimate the atomic transition energy and use Eq.(38.6) to relate this to the photon wavelength. 

(a) SET UP: vanadium, Z = 23 

minimum wavelength; corresponds to largest transition energy 

EXECUTE: The highest occupied shell is the N shell (n = 4). The highest energy transition is N > K, with 


} Substitution of numerical values gives B =3.64x 10° T, much smaller 


transition energy AE = E, — Ex. Since the shell energies scale like 1/n’ neglect E, relative to E,, so 

AE = E; =(Z-1) (13.6 eV) = (23-1) (13.6 eV) = 6.582x10° eV = 1.055x10™ J. The energy of the emitted 
photon equals this transition energy, so the photon’s wavelength is given by AE=hc// so A=hc/AE. 

_ (6.626x 10 J - s)(2.998x10° m/s) 


1.055x10-° J 
SET Up: maximum wavelength; corresponds to smallest transition energy, so for the K, transition 


A =1.88x10°'° m=0.188 nm. 


EXECUTE: The frequency of the photon emitted in this transition is given by Moseley’s law (Eq.41.29): 
f =(2.48x10° Hz)(Z —1)? = (2.48x10" Hz)(23—1)? =1.200x10'8 Hz 
_ c _ 2.998x10* m/s 
f  1.200x10"* Hz 
(b) rhenium, Z = 45 


Apply the analysis of part (a), just with this different value of Z. 
minimum wavelength 


AE = E; = (Z —1)} (13.6 eV) = (45-1) (13.6 eV) = 2.633x10* eV =4.218x10" J. 
(6.626x10™ J-s)(2.99810* m/s) 
4.218x10° J 


=2.50x10™ m=0.250 nm 


A=hc/AE= =4.71x10™ m=0.0471 nm. 


maximum wavelength 
f =(2.48x10" Hz)(Z -1)? = (2.48x10'° Hz)(45—1)* = 4.801x10'* Hz 
_ c _ 2,998x10* m/s 
f  4.801x10'8 Hz 


EVALUATE: Our calculated wavelengths have values corresponding to x rays. The transition energies increase 
when Z increases and the photon wavelengths decrease. 


=6.24x10"'' m=0.0624 nm 
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41.58. 


41.59. 


41.60. 


41.61. 


41.62. 


(a) AE = (2.00232) BAS, ep > p= 27", 
2m m A Ae 
2(9.11x10*' kg) (3.0010° m/s) 
(0.0350 m)(1.60x 10" C) 
(a) To calculate the total number of states for the n principal quantum number shell we must multiply all the 
possibilities. The spin states multiply everything by 2. The maximum / value is (n —1), and each / value has 
(21 +1)m, values. So the total number of states is 


g g 4n- D0) 
2 


(b) B= =0.307T. 


=2n+2n? -2n=2n’. 


N=29 (21 +1)= 1445 I= 2n+ 


1=0 1=0 1=0 


(b) The n = 5 shell (O-shell) has 50 states. 
IDENTIFY: We treat the Earth as an electron. 


SET Up: The intrinsic spin angular momentum of an electron is S = e ħ , and the angular momentum of the 
spinning Earth is S = 7@ , where I = 2/5 mR’. 


EXECUTE: (a) Using S =1@= fr and solving for @ gives 


oat 3 (nossxi0™ s s) 
=9.40x10 rad/s 


=m mR? (5. 97x10" kg)(6.38x10° m) 


(b) We could not use this approach on the electron because in quantum physics we do not view it in the classical 
sense as a spinning ball. 

EVALUATE: The angular velocity we have just calculated for the Earth would certainly be masked by its present 
angular spin of one revolution per day. 


lo. f . . 
The potential U (x)= ake is that of a simple harmonic oscillator. Treated quantum mechanically (see Section 40.4) 
each energy state has energy E, = fiw (n+ 4). Since electrons obey the exclusion principle, this allows us to put two 


electrons (one for each m, = ++) for every value of n—each quantum state is then defined by the ordered pair of 


quantum numbers (n, m,). By placing two electrons in each energy level the lowest energy is then 


EJee aE aeea] 


n=0 n=0 n=0 n= 92 


k 


m 


ħoll N? -N +N]=ħ0N’ =hN’ 


Here we used the hint from Problem 41.59 to do the first sum, realizing that the first value of n is zero and the last 

value of n is N — 1, giving us a total of N energy levels filled. 

(a) Apply Coulomb’s law to the orbiting electron and set it equal to the centripetal force. There is an attractive 

a2) De) _ 
Aner? 4ng (2r)” 


force with charge +2e a distance r away and a repulsive force a distance 2r away. So, 


2 

= LAS : ; i h 

= . But, from the quantization of angular momentum in the first Bohr orbit, L = mvr = å > v = 

r mr 

h 2 
2 2 2 mM 2 2 2 
So —2e P e amv mr h -7e 4reħ 
Aner? 4r (4r)? r r mr? 4r m°? ` 


2 
= = J- fa = = (0.529x10"" m) =3.02x10™ m 


me’ 
-A Th 7 (1.054x10™ J-s) 


And v= —31 —10 
mr 4ma, 4(9.11x10™ kg)(0.529x10™ m) 


= 3.83x10° m/s. 


(b) K= 2m =9.11x10™! kg (3.83 10° m/s)” =1.34x10" J=83.5 eV. 
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41.63. 


© U= | 2 J+ e —4e* e i e 


= + 
4me(2r) 4rer 42E,(2r) 2 
(d) E., =-[-166.9 eV + 83.5 eV] =83.4 eV, which is only off by about 5% from the real value of 79.0 eV. 


(a) The radius is inversely proportional to Z, so the classical turning radius is 2a/Z. 


1 
Jra / zZ? 


? Anr?dr = 


=~-2.67x107'’ J=-166.9 eV 


Amer 4ne,r 


-Zrja 


(b) The normalized wave function is y,,(7) = and the probability of the electron being found 


a 
ona 
u=Zr/a, dr =(a/Z)du changes the integral to P = 4f. e®™u’du, which is independent of Z. The probability is 
that found in Problem 41.39, 0.238, independent of Z. 


outside the classical turning point is P = fibi l e°” rdr. Making the change of variable 


MOLECULES AND CONDENSED MATTER 


42.1. 


42.2. 


42.3. 


42.4. 


42.5. 


42.6. 


42.7. 


-4 -19 
ar rapi N eV)(1,60x10 J/eV) 
2 3k 3(1.38 x 10° J/K) 

_ 2(4.48 eV) (1.60107 J/eV) 
3(1.38 x10 J/K) 


(c) The thermal energy associated with room temperature (300 K) is much greater than the bond energy of He, 


=6.1K 


(b) T = 34,600 K. 


(calculated in part (a)), so the typical collision at room temperature will be more than enough to break up He,. 
However, the thermal energy at 300 K is much less than the bond energy of H, , so we would expect it to remain 


intact at room temperature. 
1 e 

(a) U =- —=-5.0eV. 
Ey F 


(b) -5.0eV + (4.3 eV -3.5 eV) = —4.2 eV. 


IDENTIFY: The energy given to the photon comes from a transition between rotational states. 
2 


SET Up: The rotational energy of a molecule is E =1(/+ De and the energy of the photon is E = hc/A. 


EXECUTE: Use the energy formula, the energy difference between the / = 3 and / = 1 rotational levels of the 
2 2 
molecule is AE = re +1)-1(1+1)]= = Since AE = hc/A, we get hc/A = 5h /I. Solving for I gives 


p5h 5(1.055x10™ J-s)(1.780 nm) 


=4.981x10” kg-m’. 
2nc 22(3.00x10* m/s) 


; 2 eget 
Using I = m,7ro, we can solve for ro: h 


T(my+m,) _ |(4-981x10~ kg-m?)(2.33x107° kg +1.67x10~ kg) 
(2.33x107° kg)(1.67x107” kg) 


MyM, 


n =5.65 x10" m 
EVALUATE: This separation is much smaller than the diameter of a typical atom and is not very realistic. But we 
are treating a hypothetical NH molecule. 
The energy of the emitted photon is 1.01x10% eV,and so its frequency and wavelength are 
-5 -19 8 
jE E_ (1.01x10 OU J/eV) =2.44GHz and 4- = (3.00x10 - m/s) 
h (6.63x10™" J-s) f  (2.44x10 Hz) 
corresponds to that given for a microwave oven. 
Let 1 refer to C and 2 to O. m, =1.993x10™ kg, m, = 2.656x10™ kg, ņ =0.1128 nm. 


=0.123m. This frequency 


A | "h Ja = 0.0644 nm (carbon) ; 7, = | pi Jn = 0.0484 nm (oxygen) 


m +m, m +m, 
(b) I =mr? +m,r; =1.45x10™~ kg-m’; yes, this agrees with Example 42.2. 
Each atom has a mass m and is at a distance L/ 2 from the center, so the moment of inertia is 
2(m)(L/2) = mL /2 = 2.21K10™ kg: m’. 
IDENTIFY and SET Up: Set K = E, from Example 42.2. Use K =4/@” to solve for @ and v=rq to solve for v. 
EXECUTE: (a) From Example 42.2, E, =0.479 meV =7.674x10 J and I =1.449x10 kg-m? 
K=1I@ and K=E gives w= f2E,/I =1.03x10" rad/s 
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42.8. 


42.9. 


42.10. 


42.11. 


(b) v, =7@, = (0.064410? m)(1.03x10" rad/s) = 66.3 m/s (carbon) 

v, = 7,0, = (0.048410 m)(1.03x10" rad/s) = 49.8 m/s (oxygen) 

(© T=22/@=6.10X10"" s 

EVALUATE: From the information in Example 42.3 we can calculate the vibrational period to be 
T=27m/@=2m,]m,/k' =1.5x10™ s. The rotational motion is over an order of magnitude slower than the 


vibrational motion. 

AE = “ =hJk’/m,, and solving for k’, k’ = (=) m, =205 N/m. 

IDENTIFY and SET UP: The energy of a rotational level with quantum number lis E, =/(/+ 1)Ã?/21 (Eq.(42.3)). 
T=m,r’, with the reduced mass m, given by Eq.(42.4). Calculate Jand AE and then use AE=hc/A to find À. 
mn, — MM _ (1.17x10°° kg)(1.67x10~’ kg) 

mt+m, m,t+m, 1.17x10™ kg+1.67x10~ kg 

I =m,r’ =(1.461x10~ kg)(0.159x10° m)? =3.694x10~ kg-m? 


l=3: TOORE 


1=4: B= 2-10 * 


h? \ _ af .055x10™ Js)’ 
I 3.694x10" kg-m? 


-15 8 
(b) AE=hel A so axe. = {4.136x10 EVX2.998x10 m/s) 
AE 7.49x10” eV 


EVALUATE: LiH has a smaller reduced mass than CO and Å is somewhat smaller here than the 2 calculated for 
CO in Example 42.2 

IDENTIFY: The vibrational energy of the molecule is related to its force constant and reduced mass, while the 
rotational energy depends on its moment of inertia, which in turn depends on the reduced mass. 


EXECUTE: (a) m, = =1.461x107 kg 


AE =E, B= J=120x10*! J=7.49x10° eV 


=166 um 


7 2 


and the rotational energy is E, = I(l + DoT . 


SETUP: The vibrational energy is E, = (» + she (» + J 
m 


T 


; ; = [K ; ; 
EXECUTE: For a vibrational transition, we have AE, =h, |— , so we first need to find m,. The energy for a 
m, 


2 2: 
rotational transition is AE, = aT [2(2+ 1-1d+ D] = = . Solving for J and using the fact that J = mro, we have 


2 
mn = =, which gives 
R 
2h?  2(1.055x10™ J-s)(6.583x10™ eV-s) 


m, =—— = 5 = 2.0014 x 10” kg 
WAER  (0.8860x10° m) (8.841x10* eV) 


Now look at the vibrational transition to find the force constant. 


7 > (2.0014x10™ kg)(0.2560 eV)? 
igent poles) a e) ) 30.27 Nim 
m, 


ir (6.583x10" eV-s) 
EVALUATE: This would be a rather weak spring in the laboratory. 
(a) E, =r Ei -KDH a AE- d (@+1-P +1)= m 
(b) ae AE ih 


h 2aħ 2al 
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42.12. 


42.13. 


IDENTIFY: Find AE for the transition and compute 2 from AE =he/ A. 
2 2 


SET Up: From Example 42.2, E, =I(l + D, with L = 0.2395x107 eV. From Example 42.3, AE = 0.2690 eV 


is the spacing between vibrational levels. Thus E, =(n+ )ha, with h@=0.2690 eV. By Eq.(42.9), 
2 


E=E,+E,=(n+4)ho+lil +D% 


EXECUTE: (a) n=0—7n=1and/=1—73/=2 


hi 
For n=0, 1/=1, E,=jha@+2) — |. 
21 


2 
For n=1, 1/=2, E, = zho+6 A : 
21 


2 
AE=E,-E,=ho+ { i = 0.2690 eV + 4(0.2395x 10° eV) =0.2700 eV 


he he (4.136107 eV -s)(2.998x10* m/s) 
—=AE so A= = 
A AE 0.2700 eV 


=4.592x10% m = 4.592 um 


(b) n=0—>n=l1andl=2—>l=1 


2 
For n=0, l=2, E, =}ħ@+6 fe A 
2I 


2. 
For n=1, /=1, E, =sha+2 us À 
21 


2 
AE=E,-E,=ho dE = 0.2690 eV — 4(0.2395x10° eV) = 0.2680 eV 


he _ (4.136x10" eV -s)(2.998x10* m/s) 
AE 0.2680 eV 
(c) n=O>n=l1and!=3>1=2 


A= = 4.627x10° m=4.627 um 


2 
For n=0, 1=3, E =tho+12| * |, 
21 


2 
For n=1, l=2, E, =$ho+6 i A 
21 


2 
AE=E,-E,=ho d | = 0.2690 eV — 6(0.2395x10° eV) = 0.2676 eV 


he _ (4.136x10" eV -s)(2.998x10* m/s) 
AE 0.2676 eV 

EVALUATE: All three transitions are for n =0 + n=1. The spacing between vibrational levels is larger than the 
spacing between rotational levels, so the difference in A for the various rotational transitions is small. When the 
transition is to a larger l, AE >hq@ and when the transition is to a smaller /, AE <iio. 


A= 


= 4.634x10° m = 4.634 um 


(a) IDENTIFY and SETUP: Use @=,fk'/ m, and w=2z7f to calculate k’. The atomic masses are used in 


Eq.(42.4) to calculate m,. 


EXECUTE: pn 28 Ls so kK’ =m,(2afy 
2m 2n\m, 
27 —26 
m = M _ (1.6710 kgV3-15%10™ k8) _ 1 586x10 kg 


m+m, m, +m, 1.67x10” kg+3.15x10™ kg 
k =m (2a f} =(1.586x10” kg)(27[1.24x10"* Hz])? =963 N/m 
(b) IDENTIFY and SETUP: The energy levels are given by Eq.(42.7). E, =(n+})ħø@=(n+})hf, since 


ħæw=(h/2mr)æ@ and (@/27) = f. The energy spacing between adjacent levels is 
AE=E,,,—E, =(n+1+4-n— hf =hf, independent of n. 
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42.14. 


42.15. 


42.16. 


42.17. 


42.18. 


42.19. 


42.20. 


EXECUTE: AE=hf =(6.626x10™ J-s)(1.24x10" Hz) =8.22x10 J =0.513 eV 

(c) IDENTIFY and SET UP: The photon energy equals the transition energy so AE =hc/A. 
c _ 2.998x10* m/s 
f 1.24x10" Hz 
EVALUATE: This photon is infrared, which is typical for vibrational transitions. 


EXECUTE: Af =hc/A so A= =2.42x10° m=2.42 um 


. 2 A 3 A ? A 
For an average spacing a, the density is p= m/ a` , where m is the average of the ionic masses, and so 


,__m_(6.49x10 kg +1.33x10 kg)/2 
pome 
p (2.75x10° kg/m°) 


=3.60x10” m’*, 


and a= 3.30x10™ m = 0.330 nm. 


(b) The larger (higher atomic number) atoms have the larger spacing. 

IDENTIFY and SET UP: Find the volume occupied by each atom. The density is the average mass of Na and Cl 
divided by this volume. 

EXECUTE: Each atom occupies a cube with side length 0.282 nm. Therefore, the volume occupied by each atom 


is V =(0.282x10° m) =2.24x10™° m°. In NaCl there are equal numbers of Na and Cl atoms, so the average 
mass of the atoms in the crystal is m=4(my, + Mma) =4(3.82x10° kg +5.89x10™ kg) =4.855x10™ kg 


m _ 4.855x10° kg _ 
V 224x10” m° 
EVALUATE: The density of water is 1.00x10° kg/m’, so our result is reasonable. 


he _ (6.63x10™ J-s) (3.00x10* m/s) 


The density then is p= 2.17x10° kg/m’. 


(a) As a photon, 2 = = 0.200 nm. 
$ E (6.20x10° eV) (1.60x10"” J/eV) 
(b) As a matter wave, 
6.63x10™ J-s 
eee ( = 0.200 nm 
PN 2mE |2(9.11x10™ kg) (37.6 eV) (1.60x10"” J/eV) 
(c) As a matter wave, 
6.63x10™ J-s 
4 ( =0.200 nm. 


~ J2mE )2(1.67x10~" kg) (0.0205 eV) (1.60x10"” J/eV) 


IDENTIFY: The energy gap is the energy of the maximum-wavelength photon. 
SET Up: The energy difference is equal to the energy of the photon, so AE = hc/A. 
EXECUTE: (a) Using the photon wavelength to find the energy difference gives 


AE = hc/A = (4.136 x 10™ eV -s )(3.00 x 10° m/s)/(1.11 x 10° m) = 1.12 eV 
(b) A wavelength of 1.11 um = 1110 nm is in the infrared, shorter than that of visible light. 


EVALUATE: Since visible photons have more than enough energy to excite electrons from the valence to the 
conduction band, visible light will be absorbed, which makes silicon opaque. 


(a) £ =2.27x107 m = 227 nm, in the ultraviolet. 


(b) Visible light lacks enough energy to excite the electrons into the conduction band, so visible light passes 
through the diamond unabsorbed. 

(c) Impurities can lower the gap energy making it easier for the material to absorb shorter wavelength visible light. 
This allows longer wavelength visible light to pass through, giving the diamond color. 


he _ (6.63x10™ J-s) (3.00 10° m/s) 


AE = =e =2.14x10™" J=1.34x10° eV . So the number of electrons that can be 
A 9.31x10 ° m 
1.34x10° eV 
excited to the conduction band is n= peach NEE =1.20x10° electrons 
1.12eV 
l= Í rae dV 


pepee 


so A= (2/ Ly (assuming A to be real positive). 
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42.21. 


42.22. 


42.23. 


42.24. 


42.25. 


Density of states: 
(E)- (2m)? V p (2(9.11x10™ kg))*? (1.0x10% m*)(5.0 eV)? (1.60x10™ J/eyV)"? 
$ 2h 2m (1.054x10™ J -s 
g(E)=(9.5x10" states/J) (1.60x10™ J/eV )=1.5x10” states/eV. 


Ving = V3kT/m =1.17x10° m/s, as found in Example 42.9. The equipartition theorem does not hold for the 
electrons at the Fermi energy. Although these electrons are very energetic, they cannot lose energy, unlike 
electrons in a free electron gas. 


h 2 2 2 
(a) IDENTIFY and SET UP: The three-dimensional Schrödinger equation is f d + ow + 2 4 +Uy = Ey 


2m\ 3x? day? az? 
(Eq.40.29). For free electrons, U =0. Evaluate 0’w/dx’, d°w/dy’, and J'y /3z? for y as given by Eq.(42.10). 
Put the results into Eq.(40.20) and see if the equation is satisfied. 


n mT 
EXECUTE: DE BE Acos Mil 2 * Ja 2) 


ox L L L 
oy ea [Ey nay). (5) (z) 
=-| — | Asin sin sin| = = y 
ax? L L L L L 


2 2 2 2 
Similarly ve) yid d v-{22) y 
y- 


(92 2 2 Rím P AE EE 
Therefore, -AS T U A T Nea aney ET 
m\ dx oy az 2m\ L mL 
(ny +n, taR 


This equals Ey, with E = , which is Eq.(42.11). 


2mL 
EVALUATE: wy given by Eq.(42.10) is a solution to Eq.(40.29), with E as given by Eq.(42.11). 


(b) IDENTIFY and SET UP: Find the set of quantum numbers n,, n,, and n, that give the lowest three values of 
E. The degeneracy is the number of sets n,, n,, n, and m, that give the same E. 


30h 
I? 


EXECUTE: Ground level: lowest E so n, =n, =n, =1 and E= . No other combination of n,, n,, and n, 


2m 
gives this same E, so the only degeneracy is the degeneracy of two due to spin. 
wh 6r 


First excited level: next lower E so one n equals 2 and the others equal 1. E = (2° +1’ +1’) z= S 
2m” 2mE 


There are three different sets of n,, ny, n, values that give this E: 


n, = 2, ny =], n, =l; n, =1, ny =2, n =l; n=l, n, =l, n, =2 

This gives a degeneracy of 3 so the total degeneracy, with the factor of 2 from spin, is 6. 
Second excited level: next lower E so two of n,, n,, n, equal 2 and the other equals 1. 
wh 9mh 

2mÊ 2m? 

There are different sets of n,, ny, n, values that give this E: 


E=(2?+27?4+1’) 


n, =2, ny =2, n, =l; n,=2, n, =1, n, =2; n, =1, ny = 2, n, =2. 

Thus, as for the first excited level, the total degeneracy, including spin, is 6. 

EVALUATE: The wavefunction for the 3-dimensional box is a product of the wavefunctions for a 1-dimensional 
box in the x, y, and z coordinates and the energy is the sum of energies for three 1-dimensional boxes. All levels 
except for the ground level have a degeneracy greater than two. Compare to the 3-dimensional isotropic harmonic 
oscillator treated in Problem 40.53. 


Eq.(42.13) may be solved for n, =(2mE ie (L/fz), and substituting this into Eq. (42.12), using L =V , gives 
Eq.(42.14). 
(a) IDENTIFY and SET Up: The electron contribution to the molar heat capacity at constant volume of a metal is 


°KT 
C, -|7 Je 
2E 


F 


R = 0.0233R. 


2 -23 
EXECUTE: C,=— Q.381x10 VOD K) 
2(5.48 eV)(1.602x10® J/eV) 
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42.26. 


42.27. 


42.28. 


42.29. 


42.30. 


42.31. 


(b) EVALUATE: The electron contribution found in part (a) is 0.0233R = 0.194 J/mol- K. This is 
0.194/25.3 =7.67x10° = 0.767% of the total C,. 
(c) Only a small fraction of C, is due to the electrons. Most of C, is due to the vibrational motion of the ions. 


(a) From Eq. (42.22), E, = ŽE, =1.94eV. 


2(1.94 eV) (1.60x10"” J/eV) 


Wares -| 9.11x10™ kg 


E, (3.23 eV) (1.60x10-” J/eV) 
k (1.38x10 J/K) 
IDENTIFY: The probability is given by the Fermi-Dirac distribution. 


1 
SET UP: The Fermi-Dirac distribution is f(E)= TEDT 1” 
Ce ae 
EXECUTE: We calculate the value of f (E), where E = 8.520 eV, Er = 8.500 eV, 
k = 1.38 x 10” J/K = 8.625 x 10° eV/K, and T = 20°C = 293 K. The result is f (E) = 0.312 = 31.2%. 
EVALUATE: Since the energy is close to the Fermi energy, the probability is quite high that the state is occupied 
by an electron. 


(a) See Example 42.10: The probabilities are 1.781077, 2.37x10°, and 1.51x10°. 

(b) The Fermi distribution, Eq.(42.17), has the property that f(£,—E)=1-f(£) (see Problem (42.48)), and so 
the probability that a state at the top of the valence band is occupied is the same as the probability that a state of the 
bottom of the conduction band is filled (this result depends on having the Fermi energy in the middle of the gap). 


IDENTIFY: Use Eq.(42.17), f(E)= l T Solve for E- E,- 
e + 


(E-Ep)/kT 


=8.25x10° m/s. 


(c) =3.74x10* K. 


7 1 
SETUP:  e@ #47 = 1 


JŒ) 
The problem states that f(E)=4.4x10~ for E at the bottom of the conduction band. 
EXECUTE: e077 a = 2.272x10". 

4.4x10 

E- E; = kT \n(2.272x10°) = (1.380710 J/T)(300 K)In(2.272 x10°) = 3.201x10 J =0.20 eV 
E, = E—0.20 eV; the Fermi level is 0.20 eV below the bottom of the conduction band. 
EVALUATE: The energy gap between the Fermi level and bottom of the conduction band is large compared to 
kT at T =300 K and as a result f(E) is small. 


IDENTIFY: The current depends on the voltage across the diode and its temperature, so the resistance also 
depends on these quantities. 


Set Up: The current is I = Is (e7 


— 1) and the resistance is R = V/I. 


EXECUTE: (a) The resistance is R= ae ee . The exponent is aa eee ¥) = 
Ife” -1) kT (8.625x10° eV/K)(293 K) 
.0 mV 
3.3635, giving R= DU = 54 OO 
(0.750 mA)(e**** —1) 
(b) In this case, the exponent is aa cies 2) =- 
kT (8.625x10™ eV/K)(293 K) 
which gives R = mu =77.40 


(0.750 mA)(e!*” —1) 
EVALUATE: Reversing the voltage can make a considerable change in the resistance of a diode. 
IDENTIFY and SET UP: The voltage-current relation is given by Eq.(42.23): I = 1 (e7 —1). Use the current for 
V =+15.0 mV to solve for the constant J. 
EXECUTE: (a) Find /,: V=+15.0x10° V gives 7 =9.25x10° A 
eV (1.602x10°” C)(15.0x10° V) 
kT (1.381x10 J/K)(300 K) 
I _9.25x10° A 


Ss eVIKT T 0.5800 
e —1 e —1 


=0.5800 


=1.177x10° =11.77 mA 


Molecules and Condensed Matter 42-7 


42.32. 


42.33. 


42.34. 
42.35. 


eV _ (1.602x10™ C)(10.0x10° V) _ 
kT (1.381x10” J/K)(300 K) 
I=1 (eT —1)=(11.77 mA)(e?*” —1) =5.56 mA 


Then can calculate J for V =10.0 mV: 0.3867 


V 
(b) T has the same magnitude as in part (a) but not V is negative so = is negative. 


V =-15.0 mV < =~0.5800 and I =I (e —1)= (11.77 mA)(e®™®™ —1) = -5.18 mA 


V =-10.0 mV: = =—0.3867 and I =I (e —1)=(11.77 mA)(e°*” —1) = -3.77 mA 


EVALUATE: There is a directional asymmetry in the current, with a forward-bias voltage producing more current 
than a reverse-bias voltage of the same magnitude, but the voltage is small enough for the asymmetry not be 
pronounced. Compare to Example 42.11, where more extreme voltages are considered. 

(a) Solving Eq.(42.23) for the voltage as a function of current, 


v=] m| L41 =Z m| 2A 1 |=0.0645 V. 
e I, e 3.60 mA 


(b) From part (a), the quantity e”? 


1 
T=1,(e°/" -1)=1 1|=-3.30 mA. 
s(e ) (oa 


IDENTIFY: During the transition, the molecule emits a photon of light having energy equal to the energy 
difference between the two vibrational states of the molecule. 


=12.11, so far a reverse-bias voltage of the same magnitude, 


Kb 


m, 


T 


SET Up: The vibrational energy is £E, =|» H Jos[ns ay 


k’ 
EXECUTE: (a) The energy difference between two adjacent energy states is AE =h — , and this is the energy of 
m, 


2 
the photon, so AE = hc/A. Equating these two expressions for AE and solving for k’ , we have k’ =m, (=) = 


h 


2. 
AE h 2 
Tuts (2E) , and using — = ete zee with the appropriate numbers gives us 


h A 


Mm, + Mo 


g (1.67x10” kg)(2.656x10™ kg)| 27(3.00x10° m/s 
1.67x10~ kg + 2.656x10™ kg | 2.39x10% m 


2 
l = 977 N/m 


MyMo 


My + Mo 
, 


. Substituting the appropriate numbers gives us 


(1.67x10” kg)(2.656x10° kg) 
1 ,| 1.67x10” kg + 2.656x10 kg 


k= =1.25x10" Hz 
2m 977 N/m 
EVALUATE: The frequency is close to, but not quite in, the visible range. 
2 
I = PE a 27 jade kg-m’. 
AE 2c 


IDENTIFY and SET Up: Eq.(21.14) gives the electric dipole moment as p = qd, where the dipole consists of 
charges +q separated by distance d. 

EXECUTE: (a) Point charges +e and —e separated by distance d, so 

p=ed =(1.602x10"” C)(0.24x10° m)=3.8x10” C-m 

p _3.0x10” C-m 
d 0.24x10°? m 
1.3x10™ C 


q 
c = =0.81 
1e e 1.602x10™” C 


(b) p=qd so q= =1.3x10" C 
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1.5x10™ C- 
(d) q=2= 2A £ M =9.37x107! C 
d 0.16x10~ m 
37x10" 
q _ 9.37x E = 0.058 
e 1.602x10” C 
EVALUATE: The fractional ionic character for the bond in HI is much less than the fractional ionic character for 
the bond in NaCl. The bond in HI is mostly covalent and not very ionic. 
2 
42.36. The electrical potential energy is U =-—5.13eV, and r= MER ee =2.8x10° m. 
Ane, U 
42.37. (a) IDENTIFY: E(Na)+ E(CI)= E(Na*)+ E(Cl)+U(r). Solving for U(r) gives 
U(r) =-[E(Na*) — E(Na)]+[E(Cl) - E(CT)]. 
SET Up: [E(Na*)- E(Na)] is the ionization energy of Na, the energy required to remove one electron, and is 
equal to 5.1 eV. [E(Cl) — E(CI )] is the electron affinity of Cl, the magnitude of the decrease in energy when an 
electron is attached to a neutral Cl atom, and is equal to 3.6 eV. 
2 
EXECUTE: U =-5.1 eV +3.6 eV=-1.5 eV =-—2.4x10™ J, and sabei —2.4x10" J 
47e, r 
1 $ 1.602x10™" C)? 
= € —=(8.988x10° N: m?/C?) 22X0 _ O 
Ane, }2.4x10™ J 24x10" J 
r=9.6x10-" m=0.96 nm 
(b) ionization energy of K = 4.3 eV; electron affinity of Br=3.5 eV 
1 A 9 
Thus U =-4.3 eV +3.5 eV = -0.8 eV =-1.28x10™ J, and -——Ĉ =-1.28x10"” J 
47e, r 
1 ? 1.602x10™" C} 
= € =s N-m?/C2) S O 
47e, j1.28x107" J 1.28x10° J 
r=1.8x10° m=1.8 nm 
EVALUATE: K has a smaller ionization energy than Na and the electron affinities of Cl and Br are very similar, 
so it takes less energy to make K*+ Br from K+Br than to make Na*+Cl from Na+Cl. Thus, the 
stabilization distance is larger for KBr than for NaCl. 
42.38. The energies corresponding to the observed wavelengths are 3.29x107' J, 2.87x107' J,2.47x107'J, 
2.06x107! J and 1.65x10™~' J. The average spacing of these energies is 0.410x10~' J and these are seen to 
2 
correspond to transition from levels 8, 7, 6, 5 and 4 to the respective next lower levels. Then, Fie =0.410x10' J, 
from which I = 2.71x10~’ kg- m’. 
42.39. (a) IDENTIFY: The rotational energies of a molecule depend on its moment of inertia, which in turn depends on 


the separation between the atoms in the molecule. 
SETUP: Problem 42.38 gives I =2.71x10~ kg-m’. I =m,r’. Calculate m, and solve for r. 


-27 —26 
Execure: m -a _ 0.672107 kg)(5.81x10 * kg) 
m,+mą 1.67X107" kg +5.81x10~° kg 


47 ie 
r= 2 = [27x10 _ kgm Li 29x10 m=0.129 nm 
m,  \\ 1.623x10~" kg 


EVALUATE: This is a typical atomic separation for a diatomic molecule; see Example 42.2 for the corresponding 
distance for CO. 

(b) IDENTIFY: Each transition is from the level / to the level /—1. The rotational energies are given by Eq.(42.3). 
The transition energy is related to the photon wavelength by AE =hc/ A. 


=1.623x10 kg 


2 2 
SETUP: E,=I(/+)h’/2I,s0 AE=E,-E,, =[10+)-I(1 of =)-(4 } 


2 : 
EXECUTE: / A au 
I) a 
_ acl _ 2n(2.998x10* m/s)(2.71x10~" kg-m’) _ 4.843x10~ m 


l 
ha (1.055x10™ J-s)A A 
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42.40. 


42.41. 


_ 4.843107 m -8 

60.4x10°m ` 
= 4.843x107 m 

69.0x10° m 
= 4.843107 m -6 

80.4x10°m ` 
x 4.843x10* m = 

96.4x10° m 
X 4.843x10* m 2 

120.4x10° m 
EVALUATE: Ineach case lis an integer, as it must be. 
(c) IDENTIFY and SETUP: Longest A implies smallest AE, and this is for the transition from /=1 to /=0. 
h’ (1.055x10™ J- s)? 

=0 -47 T 

I 2.71x10" kg-m 
he _ (6.626x10™ J - s)(2.998x10ë m/s) 
AE 4.099x10” J 
EVALUATE: This is longer than any wavelengths in part (b). 
(d) IDENTIFY: What changes is m,, the reduced mass of the molecule. 


For 2 = 60.4 um, l 
For 2=69.0 um, l 
For 2 =80.4 um, l 
For 2 = 96.4 um, l 


For 2 =120.4 um, l 


4.099x10” J 


EXECUTE: AE= Í 


A= 


=4.85x10* m = 485 um. 


2: 


h h 2ncl 
SET Up: The transition energy is an=] and AE = n so A= Z 


lh 


(part (b)). 7 =m,r°, so A is directly 


AHCI) _ A(DCI) so A(DCD = AHC) m,(DCI) 
m, (HCI) m, (DCI) m, (HCl) 
EXECUTE: The mass of a deuterium atom is approximately twice the mass of a hydrogen atom, so 
m, =3.34x10 kg. 

mpm, _ (3.34x10~ kg)(5.81x10~ kg) 
m,+m, 3.34x10” kg +5.81x10~° kg 


3.158x107 kg 
1.623x107 kg 
1=851=7;A=(60.4 uwm)(1.946) =118 “zm 

l=7 > l= 6,4 = (69.0 “am)(1.946) =134 um 

1=631=5;A = (80.4 um)(1.946)=156 um 

l=5 > l= 4;A = (96.4 um)(1.946)=188 um 

l=4—>l=3;A = (120.4 um)(1.946) = 234 um 

EVALUATE: The moment of inertia increases when H is replaced by D, so the transition energies decrease and 
the wavelengths increase. The larger the rotational inertia the smaller the rotational energy for a given / (Eq.42.3). 
From the result of Problem 42.11, the moment inertia of the molecule is / = mt = ae 


proportional to m,. 


m,(DCl) = =3.158x10~" kg 


A(DCl) = aanco/ = (1.946) A(HCI) 


=6.43x10° kg-m’ and 


|I 
from Eq.(42.6) the separation is 7, = ,{/— =0.193 nm. 
m, 


L KIUD 
21 a 


(a) E, = E, =0 (J=0), and there is an additional multiplicative factor of 2/ + 1 because for each / 


: n 4 
state there are really (2/ +1) m, -states with the same energy. So — = (2/ + le KUADI 
no 


(b) T =300 K, 7 =1.449x10 kg- m’. 
E 7.67x10” J 


2 
KYOA+D =7.67x10 2 J. “=L = =0.0185. 


ya 
© En 2(1.449x10~° kgm’) kT (1.38x10” J/K) (300 K) 


(21+1)=3 , so “= = (3)e® = 2.95, 


No 
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(ii) E h’ (2) (2+1) 


= 0.0556. 
kT  2(1.449x10% kg - m’) (1.38x10™ J/K) (300 K) 


(2141) =5, so Z= =(5)(e0) = 4.73, 


Ny 
2 
Gii) ca ~ 2044910 -i E 0 J/K) (300K) _ ree 
(21 +1) = 21, so = (21) (e?) =7.57. 
0 
Es nh? (20) (20+1) 


= 3,89 
0V T = 30.449x10 kg -m (138x10 J/K) G00 K) 


(21+1)=41, so “=£ =(41)e = 0.838. 


No 


ae h? (50) (50+ 1) 7 
(v) —46 2 —23 23 6 
kT — 2(1.449x10™ kg-m?) (1.38x10” J/K) (300 K) 


(21+1)=101, so “= = (101)e2** =5.69x10°. 

Ng 
(c) There is a competing effect between the (2/ + 1) term and the decaying exponential. The 2/ + 1 term dominates 
for small /, while the exponential term dominates for large /. 


42.42. (a) Ico =1.449x10~ kg-m’. 
E = Wid+1) = (1.054x10™ J- s} (1) d+) 
mi 21 2(1.449x10~° kg- m°) 
AE =7.67x10®” J =4.79x10* eV. 
he _ (6.63x10™ J- s) (3.00x10° m/s) _ 
AE (1.67x10” J) 
(b) Let’s compare the value of kT when T = 20 K to that of AE for the /=1—/=0 rotational transition: 


kT =(1.38x10 J/K) (20 K) =2.76x10~ J. 


=7.67x10” J. E, =0. 


A= 2.59x10° m=2.59 mm. 


AE =7.67X10~ J (from part (a)). So = 3.60. 


Therefore, although T is quite small, there is still plenty of energy to excite CO molecules into the first rotational 
level. This allows astronomers to detect the 2.59 mm wavelength radiation from such molecular clouds. 


42.43. IDENTIFY and SETUP: £E, =/(/+1)h?/2/, so E, and the transition energy AE depend on Z. Different isotopic 
molecules have different 7. 

MyaMa _ (3.817610 kg)(5.8068x10™ kg) 
mM, +ma  3.8176x10™ kg +5.8068x 10° kg 
I = m,r’ = (2.303x10™ kg)(0.2361x10” m)? =1.284x10™ kg- m? 
l=2 — l=] transition 


=2.303x10% kg 


EXECUTE: (a) Calculate J for Na*Cl: mM, = 


=1.734x10 J 


2I I 1.284x10~ kg- m’ 
he _ (6.626x10™ J-s)(2.998x10* m/s) 
AE | 1.734x10” J 
1=1—1=O transition 


2 2 -34 2 
AE =E, -E =(6 a J2 _2(1.055x10™ J-s) 


he 
AE =— so A= 
A 


=1.146x10” m=1.146 cm 


2 2 
AE=E,-E,=(2-0) Me |e =a 734x107 J) =8.67x10™ J 
2I) I 2 
—34 8 
g- le. = (6.62610 J-s)(2.998x10" m/s) _ 5 59) om 
AE 8.67x10™ J 


MyM _ (3.817610 kg)(6.1384x 10° kg) 
My, tma 3.8176X10° kg +6.1384x10 kg 
T=m,r =(2.354x10™ kg)(0.2361x10° m)? =1.312x10 kgm? 


(b) Calculate J for Na” C1: m, = =2.354x10% kg 
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l=2 — l=] transition 

Qn E 2(1.055x10™ J- s} 
I 1.312x10~ kg-m? 
he _ (6.626x10™ J-s)(2.998x10* m/s) 

AE 1.697x10®” J 

l=1— l =0 transition 


2 
AE = £ = Jasono” J) =8.485x10 J 


=1.697x10? J 


AE= 


A= =1.171x10? m=1.171 cm 


he _ (6.626x10™ J-s)(2.998x10° m/s) 
AE 8.485x10™ J 

The differences in the wavelengths for the two isotopes are: 
l=2 — l=] transition: 1.171 cm—1.146 cm = 0.025 cm 
l=1— l =0 transition: 2.341 cm — 2.291 cm = 0.050 cm 


EVALUATE: Replacing *Cl by *’Cl increases J, decreases AE and increases A. The effect on 4 is small but 


A= = 2.341 cm 


measurable. 


AE 
42.44. The vibration frequency is, from Eq.(42.8), f = Pa =1.12x10' Hz. The force constant is 


k =(27f) m, =777 N/m. 


P E E EN E =~0 (7 
2 m, 2 \m, 
>E, =! q.054x10™ J-s) Eea = 4.38x10° J=0.274 eV. 
2 1.67x10” kg 


This is much less than the H, bond energy. 


42.46. (a) The frequency is proportional to the reciprocal of the square root of the reduced mass, and in terms of the 
atomic masses, the frequency of the isotope with the deuterium atom is 


mM, | (My + m») =f E aa 


m,m, / (m, + mp) 1+(m,/m,,) 


r= a 


Using f, from Exercise 42.13 and the given masses, f =8.99x10" Hz. 
42.47. IDENTIFY and SET UP: Use Eq.(42.6) to calculate 7. The energy levels are given by Eq.(42.9). The transition 
energy AE is related to the photon wavelength by AE =hc/ A. 
mm _ (1.67x10” kg)(2.11x10™~ kg) 
m,+m, 1.67x10~’ kg +2.11x10™ kg 


T=m,r =(1.657X10~ kg)(0.160x 10° m)? =4.24x10~ kg- m? 


EXECUTE: (a) m, = =1.657x10 kg 


2 7 
(b) The energy levels are E,, =1(1+ vf a (n+3)h | i (Eq.(42.9)) 
m, 


Yr Eon 
—=o=2rf so E =li+) +(n+4)hf 
m 21 


(i) transition n=134n=0, /=151=0 


2 2 


h 
ras hf = ; +hf 


AE=(2 ofi 


Ag- Si he _ he E c 
A AE (i /I)+hf (h/2x1)+f 
h —  1.055x10™ J-s 
2m1 2n(4.24x10~ kg:m°) 
7 c 7 2.998x10° m/s 
(h/2n1)+f 3.960x10" Hz+6.93x10" Hz 


= 3.96010" Hz 


= 4,30 um 
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42.48. 


42.49, 


42.50. 


41.51. 


(ii) transition n=13n=0, 1=251/=1 


he 2h? 
AE=(6-2 +hf = +h 
( H of ; of 
1- c 7 2.998x10* m/s 
h/2n1)+ f 2(3.960x10" Hz) + 6.93x10" Hz 
(iii) transition n=2 4 n=1,1=241=3 


Jew a +hf 


=4.28 um 


2 


AE=(6 oa 


c 7 2.998x10* m/s 
—3(h/221)+ f —3(3.96010'' Hz) +6.93x10" Hz 
EVALUATE: The vibrational energy change for the n =1— n=0 transition is the same as for the n=2 >n=1 


transition. The rotational energies are much smaller than the vibrational energies, so the wavelengths for all three 
transitions don’t differ much. 


=4.40 um 


on i 1 1 1 e@ MENT 
The sum of the probabilities is f (Ep + AE) + f (E; — AE) = SAE | + Su | = Swe + Lao T = 
3B BR? 
Since potassium is a metal we approximate E, = E,). E; = 3 
m 


ENNA 851 kg/m? 
m 6.49x10™ kg 
E 3779 (1.054x10% J - s)? (1.311078 /m?)?? 
; 2(9.11x10™ kg) 


IDENTIFY: The only difference between the two isotopes is their mass, which will affect their reduced mass and 
hence their moment of inertia. 


But the electron concentration n = =1.31x10” electron/m* 


=3.24x10™ J= 2.03 eV. 


2 
SETUP: The rotational energy states are given by E =1(1+ Di and the reduced mass is given by m, = 


mml (m; + m). 
EXECUTE: (a) If we call m the mass of the H-atom, the mass of the deuterium atom is 2m and the reduced masses 
of the molecules are 
H, (hydrogen): m,(H) = mm/m + m) = m/2 
D, (deuterium): m,(D) = (2m)(2m)/(2m + 2m) = m 
Using I = m, To» the moments of inertia are Jy = mrg /2 and Ip = mrg. The ratio of the rotational energies is then 


E, I(L+1)(n? /21,,) fh 
Ep U+0(W/21,) Ty m2 


fh 
0 
2 


2 
mh _ 


1 kK 
m 
(b) The ratio of the vibrational energies is Pai F = {m(D)_ |m _ Roe 
E, 1 K m (H) \m/2 
n+— |h_ ——— 
2 m,(D) 


EVALUATE: The electrical force is the same for both molecules since both H and D have the same charge, so it is 
reasonable that the force constant would be the same for both of them. 

IDENTIFY and SET Up: Use the description of the bec lattice in Fig.42.12c in the textbook to calculate the 
number of atoms per unit cell and then the number of atoms per unit volume. 

EXECUTE: (a) Each unit cell has one atom at its center and 8 atoms at its corners that are each shared by 8 other 
unit cells. So there are 1+8/8=2 atoms per unit cell. 


n 2 
V(0.35x10° m? 


32/3 gth N 2/3 
(b) Ero =———— 
2m 


=4.66x10” atoms/m? 


V 


In this equation N/V is the number of free electrons per m°. But the problem says to assume one free electron per 
atom, so this is the same as n/V calculated in part (a). 
m=9.109x10™' kg (the electron mass), so Ep = 7.563x10™ J=4.7 eV 


EVALUATE: Our result for metallic lithium is similar to that calculated for copper in Example 42.8. 
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42.52. 


42.53. 


42.54, 


42.55. 


42.56. 


2 
(a) g U a = ae : 8A A Setting this equal to zero when r =pņ gives 7) = Sass 
dr 4ng r r ae 
2 T 2 
E E E E E a E sev, 
4ne,\ r 8r 32E 


(b) To remove a Na*CI ion pair from the crystal requires 7.85 eV. When neutral Na and Cl atoms are formed 
from the Na* and CI atoms there is a net release of energy —5.14eV + 3.61 eV = —1.53 eV, so the net energy 
required to remove a neutral Na, Cl pair from the crystal is 7.85 eV —1.53 eV =6.32 eV. 


dE, 
(a) IDENTIFY and SETUP: p= =n. Relate E,,, to Ep and evaluate the derivative. 


2/3 41392 
EXECUTE: Ea = NE,, = 3N Ew = 3{ 34 NPY 2/3 
5 5 2m 


JE 213 74/352 2 213 43h? 5/3 
o = (2 as N5’ Eyan) so p= e 2 , as was to be shown. 


dV 5 2m 5m 
(b) N/V =8.45x10% m° 
_ (32 m d.055x10™ J -s)? 
| 5(9.109x10™ kg) 


Jeaso m”)? =3.81x10 Pa =3.76x10° atm. 


(c) EVALUATE: Normal atmospheric pressure is about 10° Pa, so these pressures are extremely large. The 
electrons are held in the metal by the attractive force exerted on them by the copper ions. 


2/3 4/342 53 2/3 4/342 37 
arona pee 2) ee ee aoe ue ee 
5m (V dV 3 5m \v) lv 3 


N 2/3 4/342 
(b) X =8.45x10” m>. B=2.2 7 08.45x 10m)? =6.33x10" Pa. 

V 3 m 

10 

(c) eee =0.45.The copper ions themselves make up the remaining fraction. 

1.4x10"' Pa 

323 BH? N 2/3 1 ; 

a) Ep =————— | — | . Let En =——= mc. 
Se AT ™ 100 


22 3/2 3/2, 3.3 3/233 
(2)-| 2m°c l _ 2” mc 2” mc = 1.67108 m°. 


Vj |1003} zh? 100°°3n7h* — 300027h” 
8.45x10° m” 
1.6710" m” 
concentration where relativistic effects are important, it is safe to ignore relativistic effects for most applications. 
6(2x 10” kg) 
1.99x10™ kg 


=5.06x10%. Since the real concentration of electrons in copper is less than one part in 10~ of the 


(b) 


(c) The number of electrons is N, = = 6.03x10°°. The concentration is 


56 
Nasr O0GK 2 6.66K10" mn 
V — 42(6.00X10° m) 


ree 6.6610" m” ae 
(d) Comparing this to the result from part (a) TEO nt = 400 so relativistic effects will be very important. 
.67X m 


IDENTIFY: The current through the diode is related to the voltage across it. 

SET Up: The current through the diode is given by I = Is (e7 — 1). 

EXECUTE: (a) The current through the resistor is (35.0 V)/(125 Q) = 0.280 A = 280 mA, which is also the 
current through the diode. This current is given by I = Is (e“” — 1), giving 280 mA = 0.625 mA (e° — 1) and 1 + 


kTIn449 (1.38x10® /K)(293 K)In 449 
e 1.60x10” C J 


(280/0.625) = 449 = e°". Solving for V at T = 293 K gives V = 


0.154 V 
(b) R = V/I = (0.154 V)/(0.280 A) = 0.551 Q 
EVALUATE: Ata different voltage, the diode would have different resistance. 


42-14 Chapter 42 
1 4; @¢(-1,1 1 1 1 1 ee” 1 
42.57. (a) U=—_y 2 = 4 l aeaa )- q a E } 
Ame, iz p 4ra\d r r+d r-d r d 4ne,\r d r+d r-d 
1 1 1f 1 1 | 1f d E d d’ \_ 2 2d’ 
But + = + =—|1 + Sree eal ee ep 
r+d r-d r d d r r r r r r r 
1+— 1-— 
r r 
—2q¢{1,d°>\_-2p? 2p 
>u=—4 t= |= 4 z= 4 rE 
4ne,\ dr 4rar 4rd 
1 4, @q@{-l1 1, 1 1 11 ? (-2 2 2 2d? 
b) U= yi -+4 i -1-7 -4+4 |= 
Ame, iG ij 4ne,\ d r rt+d r-d r d 4me\ d rr r 
-20 (1 d -2p 2p 
1 3 U= r 3 T r an 
4ra d r 4rd 4ngr 
If we ignore the potential energy involved in forming each individual molecule, which just involves a different 
choice for the zero of potential energy, then the answers are: 
2 
(a) U= 2p 7: The interaction is attractive. 
Aner 
2 
(b) U= +2p z- The interaction is repulsive. 
TEV 
F : , 1 e 1 e 7 1 e 
42.58. (a) Following the hint, k’dr =—d a = -dr and ħo=ħ [2k /m =ñ |——, = 
mer}, 29h mE, MN 


1.23x10° J=0.77 eV, where (m/2) has been used for the reduced mass. 
(b) The reduced mass is doubled, and the energy is reduced by a factor of V2 to 0.54 eV. 
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43.1. 


43.2. 


43.3. 


43.4. 


43.5. 


(a) ?$Si has 14 protons and 14 neutrons. 
(b) Rb has 37 protons and 48 neutrons. 
(© {TI has 81 protons and 124 neutrons. 


(a) Using R= (1.2 fm)A”, the radii are roughly 3.6 fm, 5.3 fm, and 7.1 fm. 
(b) Using 47R’ for each of the radii in part (a), the areas are 163 fm’, 353 fm’ and 633 fm’. 


(c) oar gives 195 fm’, 624 fm’ and 1499 fm’. 


(d) The density is the same, since the volume and the mass are both proportional to A: 2.3x10" kg / m° (see 

Example 43.1). 

(e) Dividing the result of part (d) by the mass of a nucleon, the number density is 0. 14/ fm’ =1.40x10“/ m`. 

IDENTIFY: Calculate the spin magnetic energy shift for each spin state of the 1s level. Calculate the energy 

splitting between these states and relate this to the frequency of the photons. 

SET UP: When the spin component is parallel to the field the interaction energy is U =-—4,B. When the spin 

component is antiparallel to the field the interaction energy is U = +4,B. The transition energy for a transition 

between these two states is AE = 241,B, where 4, = 2.79284. The transition energy is related to the photon 

frequency by AE =hf,so 24,B =hf. 

B= hf _ (6.626x10™J-s)(22.7x10° Hz) 
24, 2(2.7928)(5.051x10” J/T) 

EVALUATE: This magnetic field is easily achievable. Photons of this frequency have wavelength 

A=clf =13.2 m. These are radio waves. 

(a) As in Example 43.2, AE = 2(1.9130)(3.15245x10° eV/T)(2.30 T)=2.77x107 eV. Since fi and S are in 


opposite directions for a neutron, the antiparallel configuration is lower energy. This result is smaller than but 
comparable to that found in the example for protons. 


b) f == = 66 MHy, ha ea. my 


EXECUTE: = 0.533 T 


IDENTIFY: Calculate the spin magnetic energy shift for each spin component. Calculate the energy splitting 
between these states and relate this to the frequency of the photons. 


(a) SETUP: From Example 43.2, when the z-component of § (and 4) is parallel to B, U =-| 4, |B = 
—2.7928u,B. When the z-component of S (and ñ) is antiparallel to B , U = -|u |B=+2.7928u,B. The state 
with the proton spin component parallel to the field lies lower in energy. The energy difference between these two 
states is AF = 2(2.7928 2, B). 

AE _ 2(2.7928u,)B _ 2(2.7928)(5.051x10~" J/T)(1.65 T) 


EXECUTE: AE=/Af sof = 
f sof h h 6.626104 J-s 


f =7.03x10' Hz=7.03 MHz 


CL 2.998x10* m/s 
f  7.03x10" Hz 
EVALUATE: From Figure 32.4 in the textbook, these are radio waves. 


And then A= =4.26 m 


43-1 


43-2 
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43.6. 


43.7. 


43.8. 


43.9. 


43.10. 


(b) SET Up: From Eqs. (27.27) and (41.22) and Fig.41.14 in the textbook, the state with the z-component of 
[i parallel to B has lower energy. But, since the charge of the electron is negative, this is the state with the 


electron spin component antiparallel to B. That is, for the m, = — State lies lower in energy. 


EXECUTE: For the m, =+4 state, U = +(2,00232)( Z) (+ a =+} 2.00230) )s = +4 (2.00232) 4, B. 

For the m, =—4 state, U =—3(2.00232),B. The energy difference between these two states is 

AE = (2.00232) u,B. 

AE _ 2.00232,B _ (2.00232)(9.274x10™ J/T)(1.65 T) 
ae 6.626x10™ J-s 

c _ 2.998x10* m/s 

f  4.62x10" Hz 


EVALUATE: From Figure 32.4 in the textbook, these are microwaves. The interaction energy with the magnetic 
field is inversely proportional to the mass of the particle, so it is less for the proton than for the electron. The 
smaller transition energy for the proton produces a larger wavelength. 

(a) 146m, +92m,, —m, =1.93 u 


(b) 1.80x10° MeV 
(c) 7.56 MeV per nucleon (using 931.5 MeV/u and 238 nucleons). 


IDENTIFY and SET Up: The text calculates that the binding energy of the deuteron is 2.224 MeV. A photon that 
breaks the deuteron up into a proton and a neutron must have at least this much energy. 


pale epee 
A E 


AE=hf sof = = 4.62x10"° Hz = 46.2 GHz. And 


=6.49x10° m=6.49 mm. 


(4.136107 eV -s)(2.998x10° m/s) 
2.224x10° eV 
EVALUATE: This photon has gamma-ray wavelength. 
IDENTIFY: The binding energy of the nucleus is the energy of its constituent particles minus the energy of the 

carbon-12 nucleus. 
SET Up: In terms of the masses of the particles involved, the binding energy is 


EXECUTE: A= 


=5.575x10" m=0.5575 pm. 


Eg = (6my + 6m, — mee. 
EXECUTE: (a) Using the values from Table 43.2, we get 
Ex = [6(1.007825 u) + 6(1.008665 u) — 12.000000 u)](931.5 MeV/u) = 92.16 MeV 
(b) The binding energy per nucleon is (92.16 MeV)/(12 nucleons) = 7.680 MeV/nucleon 


(c) The energy of the C-12 nucleus is (12.0000 u)(931.5 MeV/u) = 11178 MeV. Therefore the percent of the mass 


that is binding energy is eae MEV =0.8245%. 
11178 MeV 


EVALUATE: The binding energy of 92.16 MeV binds 12 nucleons. The binding energy per nucleon, rather than 
just the total binding energy, is a better indicator of the strength with which a nucleus is bound. 
IDENTIFY: Conservation of energy tells us that the initial energy (photon plus deuteron) is equal to the energy 
after the split (kinetic energy plus energy of the proton and neutron). Therefore the kinetic energy released is equal 
to the energy of the photon minus the binding energy of the deuteron. 
SET Up: The binding energy of a deuteron is 2.224 MeV and the energy of the photon is E = hc/A. Kinetic 
energy is K = Ymv’. 
EXECUTE: (a) The energy of the photon is 

he (6.626x10™ J-s)(3.00x 10° m/s) 

ie 3.50x10™ m 


The binding of the deuteron is Ey = 2.224 MeV = 3.56x10™ J . Therefore the kinetic energy 
is K = (5.68—3.56)x10 °J =2.12 x 10™ J= 1.32 MeV. 
(b) The particles share the energy equally, so each gets half. Solving the kinetic energy for v gives 


-13 
sa PE a faa doxi D 13.107 ine 
m  \1.6605x10” kg 


=5.68x10™" J. 


EVALUATE: Considerable energy has been released, because the particle speeds are in the vicinity of the speed of light. 
(a) 7(m, +m,)—m, =0.112u, which is 105 MeV, or 7.48 MeV per nucleon. 

(b) Similarly, 2(m,, + m, )— My, = 0.03038 u = 28.3 MeV, or 7.07 MeV per nucleon, slightly lower (compare to 
Figure 43.2 in the textbook). 
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43.11. 


43.12. 


43.13. 


43.14. 


43.15. 


43.16. 


(a) IDENTIFY: Find the energy equivalent of the mass defect. 

SETUP: A UB atom has 5 protons, 11—5=6 neutrons, and 5 electrons. The mass defect therefore is 

AM =5m, + 6m, +5m,—M (';B). 

EXECUTE: AM =5(1.0072765 u) + 6(1.0086649 u) + 5(0.0005485799 u) —11.009305 u = 0.08181 u. The energy 
equivalent is Æ, = (0.08181 u)(931.5 MeV/u) = 76.21 MeV. 

(b) IDENTIFY and SET Up: Eq.(43.11): E, =C,A-C,A*? -C,Z(Z-1)/A'? -C,(A-2Z)/A 

The fifth term is zero since Z is odd but N is even. A=11 and Z =5. 

EXECUTE: E, = (15.75 MeV)(11)— (17.80 MeV)(11)” — (0.7100 MeV)5(4)/11'° — (23.69 MeV)(11-10)?/11. 
E, =+173.25 MeV — 88.04 MeV — 6.38 MeV — 2.15 MeV = 76.68 MeV 

The percentage difference between the calculated and measured E, is 158 ee ev 0.6% 


EVALUATE: Eq.(43.11) has a greater percentage accuracy for ® Ni. The semi-empirical mass formula is more 
accurate for heavier nuclei. 
(a) 34m, + 29m, —m,, =34(1.008665) u + 29(1.007825) u — 62.929601 u = 0.592 u, which is 551 MeV, 
or 8.75 MeV per nucleon (using 931.5 MeV/u and 63 nucleons). 
(b) In Eq.(43.11), Z = 29 and N = 34, so the fifth term is zero. The predicted binding energy is 
2 

29128) _ 33,69 Mey D., 

(63) (63) 


E, =556 MeV . The fifth term is zero since the number of neutrons is even while the number of protons is odd, 


E, = (15.75 MeV)(63) — (17.80 MeV)(63)% — (0.7100 MeV) 


making the pairing term zero. This result differs from the binding energy found from the mass deficit by 0.86%, a 
very good agreement comparable to that found in Example 43.4. 


IDENTIFY In each case determine how the decay changes A and Z of the nucleus. The * and J~ particles have 
charge but their nucleon number is A=0. 

(a) SETUP: œ-decay: Z increases by 2, A= N + Z decreases by 4 (an @ particle is a He nucleus) 

EXECUTE: °’ Pu — $He+*}3U 

(b) SETUP: Ø` decay: Z increases by 1, A= N + Z remains the same (a f° particle is an electron, fe ) 
EXECUTE: {i Na— ‘e+ Mg 

(c) SET UP £3" decay: Z decreases by 1, A = N + Z remains the same (a 8” particle is a positron, ĵe) 
EXECUTE: ‘30> ‘e+ 3N 


EVALUATE: In each case the total charge and total number of nucleons for the decay products equals the charge 
and number of nucleons for the parent nucleus; these two quantities are conserved in the decay. 


(a) The energy released is the energy equivalent of m, —m, —m, =8.40x 107% u, or 783 keV. 
(b) m, >m,, and the decay is not possible. 


IDENTIFY: The energy of the photon must be equal to the difference in energy of the two nuclear energy levels. 
SET Up: The energy difference is AE = hc/A. 
he _ (6.626x10™ J-s)(3.00x10* m/s) 


EXECUTE: AE=—= - =8.015x10™" J = 0.0501 MeV 
A 0.0248x10° J 


EVALUATE: Since the wavelength of this photon is much shorter than the wavelengths of visible light, its energy 
is much greater than visible-light photons which are frequently emitted during electron transitions in atoms. This 
tells us that the energy difference between the nuclear shells is much greater than the energy difference between 
electron shells in atoms, meaning that nuclear energies are much greater than the energies of orbiting electrons. 
IDENTIFY: The energy released is equal to the mass defect of the initial and final nuclei. 

SET Up: The mass defect is equal to the difference between the initial and final masses of the constituent particles. 
EXECUTE: (a) The mass defect is 238.050788 u — 234.043601 u — 4.002603 u = 0.004584 u. The energy released 
is (0.004584 u)(931.5 MeV/u) = 4.270 MeV. 

(b) Take the ratio of the two kinetic energies, using the fact that K = p*/2m: 
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43.17. 


43.18. 


43.19. 


43.20. 


43.21. 


43.22. 


43.23. 


43.24, 


The kinetic energy of the Th is 
_ 4 
234+4 


Solving for v in the kinetic energy gives 
-14 
J= 2K _ 2(1.148x107* J) E =2.431x10° m/s 
Vm (234.043601)(1.6605x10~” kg) 


EVALUATE: As we can see by the ratio of kinetic energies in part (b) , the alpha particle will have a much higher 
kinetic energy than the thorium. 


If B decay of “C is possible, then we are considering the decay *"C > "N+ f°. 
Am=M(%C)-M(4N)-m, 

Am = (14.003242 u — 6(0.000549 u)) — (14.003074 u — 7(0.000549 u)) — 0.0005491 u 
Am = +1.68x10~ u. So E = (1.68107 u)(931.5 MeV/u) = 0.156 MeV =156 keV 


(a) A proton changes to a neutron, so the emitted particle is a positron (8*). 


Th 


Ki = i (4.270 MeV) = 0.07176 MeV = 1.148 x10 J 
Total 238 


(b) The number of nucleons in the nucleus decreases by 4 and the number of protons by 2, so the emitted particle is 
an alpha-particle. 


(c) A neutron changes to a proton, so the emitted particle is an electron (f° ). 
(a) As in the example, (0.000898 u)(931.5 MeV/u) =0.836 MeV. 
(b) 0.836 MeV — 0.122 MeV — 0.014 MeV =0.700 MeV. 


(a) 3} Sr B + 3X . X has 39 protons and 90 protons plus neutrons, so it must be ”Y. 
(b) Use base 2 because we know the half life. A =A) 27" and 0.014, = A2” Pa 
Tl0g0.01 — (28 yr)log0.01 _ 
log2 log2 


190yr 


IDENTIFY and SET UP: T,= zz The mass of a single nucleus is 124m, = 2.07x10™ kg. 


|AN /At|=0.350 Ci=1.3010" Bq; |AN /At|=4N 


=a 10 
ones = 2,96x10 : g- AN/At _1.30x10 Ba _ 4,39x10™ z 
2.07x10°” kg N 2.96x10 


EXECUTE: N= 


hee zz =1.58x10" s=5.01x10* yr 


tT. 


Note that Eq.(43.17) can be written as follows: N = N,2- 

created is roughly 2.5 years. Thus, we expect the current activity to be N = (5000 Ci)2-?° "77! = 3600 Ci. The 

source is barely usable. Alternatively, we could calculate 2 = oe) = 0.132(years) ' and use the Eq. 43.17 directly 
1/2 


. The amount of elapsed time since the source was 


to obtain the same answer. 

IDENTIFY and SET Up: As discussed in Section 43.4, the activity A= [aN / dt| obeys the same decay equation as 

Eq. (43.17): A= Ae. For “C, T, =5730 y and 2=1n2/T,,, so A = Aye"; Calculate A at each t; 

A, = 180.0 decays/min. 

EXECUTE: (a) t=1000 y, A=159 decays/min 

(b) t=50,000 y, A=0.43 decays/min 

EVALUATE: The time in part (b) is 8.73 half-lives, so the decay rate has decreased by a factor or H”. 

IDENTIFY and SET UP: The decay rate decreases by a factor of 2 in a time of one half-life. 

EXECUTE: (a)24 d is 3T,⁄ so the activity is (375 Bq) (2°) = 46.9 Bq 

17.0 Bq 
Bq 


(b) The activity is proportional to the number of radioactive nuclei, so the percent is = 36.2% 


131 


(c) $1 —° e+'2}Xe The nucleus {'Xe is produced. 


EVALUATE: Both the activity and the number of radioactive nuclei present decrease by a factor of 2 in one half- 
life. 
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43.25. 


43.26. 


43.27. 


43.28. 


43.29. 


43.30. 


43.31. 


(a) ÎH > Se+ >He 
(b) N=N,e“,N =0.100N, and à = (In 2)/T, 


—1In(0.100)7, 
=1n(0.100); , = MOOT _ 


0.100 = em 2/Typ ; -t(n DJT, =F 
n 


40.9 y 


(a) “- 500 wCi = (500x10°)(3.70x10" s) =1.85x10’ decays/s 
t 


In 2 In 2 In 2 
T >= = 
N Ty} 12 d(86,400s/d) 
dN _yy p- GN [at _1.85x10" craves 
dt A 6.69x107s 


m= 2.77x10" nuclei x (131x1.66x10” kg/nucleus ) = 6.0x10 "kg =6.0x10° g = 6.0 ng 

(b) A=Ae“. 1wCi=(500 uCi)e™. In(1/500) = —At. 
In(1/500)___—An (1/500) Id 

A 6.69x107 s7 86,400 s 

(in 2)t 

a 


=6.69x10"'s. 


=2.77x10' nuclei . The mass of this many '*! Ba nuclei is 


=9,29x10° }-t0s days 


ASA e” = Ae ln, =In(A/A)) . 
4 
(in 2)t (In 2)(4.00 days) _ 


A m(A/A,)  m(3091/8318) 


N _ ay. -P2 In 2 ; 
dt T, 1620 yr (3.15x10" s/yr) 


2.80 days 


=1.36x10" s™'. 


23 
va [e atoms 


=2.665x10” atoms . 
226 g 


Z = AN =(2.665x10”)(1.36x107's') = 3.6210" decays/s = 3.62x10" Bq 
t 
1Ci 


Convert to Ci: 3.62x10'° Bq | ———_— 
3.70x10"° Bq 


=0.98 Ci 


IDENTIFY and SET Up: Calculate the number N of “C atoms in the sample and then use Eq. (43.17) to find the 


decay constant 2. Eq. (43.18) then gives T,,,. 

EXECUTE: Find the total number of carbon atoms in the sample. 

n=m/M; 

N „ =nN, =mN,/M =(12.0x10~ kg)(6.022x10” atoms/mol)/(12.011x10~ kg/mol) 
Noa = 6.016X10” atoms, so (1.3x107)(6.016X10) =7.8210'' carbon-14 atoms 
AN / At =—180 decays/min = —3.00 decays/s 


—AN / At 


AN/At=-AN; A= = 3.836x10°7 s“! 


T,» = (ln 2)/A =1.807x10" s =5730 y 

EVALUATE: The value we calculated agrees with the value given in Section 43.4. 

360x10‘ decays 
86,400 s 


aN 
dt 


=4.17x10° Bq=1.13x107” Ci=0.113 «Ci. 


0.693 _ 0.693 


: — =3.75x10™ s”. 
Ta (30.8 min)(60 s/min) 


(a) =7.56x10" Bq =7.56x10" decays/s. A= 


_ 7.56X10"' decays/s 


A =2.02x10" nuclei. 
1X S 


1 |dN 
N, = 
A | dt 
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43.32. 


43.33. 


43.34, 


43.35. 


43.36. 


43.37. 


43.38. 


43.39. 


(b) The number of nuclei left after one half-life is =. =1.01x10" nuclei, and the activity is half: 


Z = 3.78x10'' decays/s. 
dt 
(c) After three half lives (92.4 minutes) there is an eighth of the original amount, so N = 2.53x 10* nuclei, and an 
eighth of the activity: (=) =9.45x10" decays/s. 
t 


3070 decays /min 
(60 sec/min) (0.500 kg) 


The activity of the sample is =102 Bq/kg, while the activity of atmospheric carbon is 


In (102/255) _ In (102/255) 

A 1.21x104/y 

IDENTIFY and SET Up: Find 4 from the half-life and the number N of nuclei from the mass of one nucleus and 
the mass of the sample. Then use Eq.(43.16) to calculate | dN /dt l|, the number of decays per second. 
EXECUTE: (a) |dN/dtl= AN 
_ 0.693 _ 0.693 

Ta (1.2810 y)(3.156x10’ s/1 y) 

The mass of “°K atom is approximately 40 u, so the number of “°K nuclei in the sample is 

_ 1.63x10° kg _ 1.63x10° kg 
40 u 40(1.66054x10” kg) 
Then |dN/dt l= AN =(1.715x10""" s')(2.454x10"°) =0.421 decays/s 


(b) |dN /dt |= (0.421 decays/s)(1 Ci/(3.70x10"° decays/s)) =1.14x10™' Ci 

EVALUATE: The very small sample still contains a very large number of nuclei. But the half life is very large, so 
the decay rate is small. 

(a) rem = rad x RBE. 200 = x(10) and x = 20 rad. 

(b) 1 rad deposits 0.010 J/kg, so 20 rad deposit 0.20 J/kg . This radiation affects 25 g (0.025 kg) of tissue, so the 
total energy is (0.025 kg)(0.20 J/kg) = 5.0x10° J=5.0 mJ 

(c) Since RBE = 1 for f-rays, so rem = rad. Therefore 20 rad = 20 rem. 


1 rad = 10° Gy, so 1 Gy = 100 rad and the dose was 500 rad. 
rem = (rad)(RBE) = (500 rad)(4.0) = 2000 rem. 1 Gy =1 J/kg, so 5.0 J/kg . 
IDENTIFY and SET UP: For x rays RBE=1so the equivalent dose in Sv is the same as the absorbed dose in J/kg. 
EXECUTE: One whole-body scan delivers (75 kg)(12x10~ J/kg) =0.90 J. One chest x ray delivers 

0.90 J 
1.0x10° J 
IDENTIFY and SET Up: For x rays RBE =1 and the equivalent dose equals the absorbed dose. 
EXECUTE: (a) 175 krad =175 krem=1.75 kGy =1.75 kSv 
(1.75x10° J/kg)(0.150 kg) = 2.62x10° J 
(b) 175 krad =1.75 kGy ; (1.50)(175 krad) = 262 krem = 2.62 kSv 


The energy deposited would be 2.62x10° J , the same as in (a). 

EVALUATE: The energy required to raise the temperature of 0.150 kg of water 1 C° is 628 J, and 2.62x10° J is 

less than this. The energy deposited corresponds to a very small amount of heating. 

(a) 5.4Sv (100 rem/Sv) = 540 rem. 

(b) The RBE of 1 gives an absorbed dose of 540 rad. 

(c) The absorbed dose is 5.4 Gy, so the total energy absorbed is (5.4 Gy) (65 kg) = 351J. The energy required to 

raise the temperature of 65 kg by 0.010°C is (65 kg) (4190 J/kg- K) (0.01C°) =3 kJ. 

(a) We need to know how many decays per second occur. 
1- 0.693 _ 0.693 


Tp (123 y) (3.156x10" s/y) 


255 Bq/kg (see Example 43.9). The age of the sample is then t= = 7573 y. 


=1.715x10-" s“ 


N =2.454x10'°. 


(5.0 kg)(0.20x10° J/kg) =1.0x107 J. It takes =900 chest x rays to deliver the same total energy. 


=1.79x10°s". 


_ (0.35 Ci) (3.70x10"° Bq/Ci) 
1.79x10° s7 


The number of tritium atoms is N, = = 7.2540x10"* nuclei . 


1|dN 
A| dt 
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43.40. 


43.41. 


43.42. 
43.43. 


The number of remaining nuclei after one week is 
N=N,e“ = (7.25 10!8 Je 57) 7) 24) (36005) _ 7.9462 x10! nuclei. AN = N, -N =7.8x10' decays. So the 


energy absorbed is Ega =AN E, = (7.8X10'°) (5000 eV) (1.60x10°" J/eV) =6.24J. The absorbed dose is 


total 
(6.24 J) 
(50 kg) 
(b) In the decay, antinetrinos are also emitted. These are not absorbed by the body, and so some of the energy of 
the decay is lost (about 12 keV ). 


(0.72x10° Ci) (3.7x10" Bq/Ci) (3.156x10’ s) =8.41x10"' a particles. The absorbed dose is 


(8.41x10'') (4.0x10° eV) (1.602107 J/eV) 
(0.50 kg) 


(a) IDENTIFY and SET Up: Determine X by balancing the charge and nucleon number on the two sides of the 
reaction equation. 


EXECUTE: X must have A=2+14-10=6 and Z=1+7-—5=3. Thus X is $Li and the reaction is 
2H+ IN SLit¢ 9B 
(b) IDENTIFY and SET UP: Calculate the mass decrease and find its energy equivalent. 


EXECUTE: The neutral atoms on each side of the reaction equation have a total of 8 electrons, so the electron 
masses cancel when neutral atom masses are used. The neutral atom masses are found in Table 43.2. 


mass of {H+ tN is 2.014102 u +14.003074 u =16.017176 u 


mass of $Li + '$B is 6.015121 u+10.012937 u = 16.028058 u 


The mass increases, so energy is absorbed by the reaction. The Q value is 
(16.017176 u —16.028058 u)(931.5 MeV/u) = -10.14 MeV 


(c) IDENTIFY and SET UP: The available energy in the collision, the kinetic energy K,,, in the center of mass 


=0.125 J/kg =12.5 rad. Since RBE = 1, then the equivalent dose is 12.5 rem. 


= 1.08 Gy =108 rad. The equivalent dose is (20) (108 rad) = 2160 rem. 


reference frame, is related to the kinetic energy K of the bombarding particle by Eq. (43.24). 
EXECUTE: The kinetic energy that must be available to cause the reaction is 10.14 MeV. Thus 


K.,, =10.14 MeV. The mass M of the stationary target (N) is M =14 u. The mass m of the colliding particle 
(7H) is 2 u. Then by Eq. (43.24) the minimum kinetic energy K that the H must have is 


fe ewe EEE Nig tae a1 8 Mew 
M 14u 


EVALUATE: The projectile (1H) is much lighter than the target (SN) so K is not much larger than K,,,. The K 


we have calculated is what is required to allow the mass increase. We would also need to check to see if at this 
energy the projectile can overcome the Coulomb repulsion to get sufficiently close to the target nucleus for the 
reaction to occur. 


Msi FMa =Ma 


—m,, =1.97 x10~u, so the energy released is 18.4 MeV. 

IDENTIFY and SET UP: Determine X by balancing the charge and the nucleon number on the two sides of the 
reaction equation. 

EXECUTE: X must have A=+2+9-4=7 and Z=+1+4-2=3. Thus X is Li and the reaction is 

°H +?Be =7Li +$He 

(b) IDENTIFY and SET UP: Calculate the mass decrease and find its energy equivalent. 

EXECUTE: If we use the neutral atom masses then there are the same number of electrons (five) in the reactants 
as in the products. Their masses cancel, so we get the same mass defect whether we use nuclear masses or neutral 
atom masses. The neutral atoms masses are given in Table 43.2. 

7H+ {Be has mass 2.014102 u +9.012182 u =11.26284 u 

1Li+/He has mass 7.016003 u + 4.002603 u =11.018606 u 


The mass decrease is 11.026284 u — 11.018606 u = 0.007678 u. 
This corresponds to an energy release of 0.007678 u(931.5 MeV/1 u) =7.152 MeV. 


(c) IDENTIFY and SET Up: Estimate the threshold energy by calculating the Coulomb potential energy when the 
H and {Be nuclei just touch. Obtain the nuclear radii from Eq. (43.1). 

EXECUTE: The radius R}, of the {Be nucleus is R,, =(1.2x107° m)(9)'"" = 2.5x10™ m. 

The radius R,, of the °H nucleus is R,, = (1.2107 m)(2)'* =1.5x10% m. 


The nuclei touch when their center-to-center separation is 
R=R,, +R, =4.0x10 ° m. 
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43.44. 


43.45. 


43.46. 


43.47. 


43.48. 


43.49. 


43.50. 


43.51. 


43.52. 


The Coulomb potential energy of the two reactant nuclei at this separation is 
1 qq _ 1 e(4e) 
4ra r 4ng r 


4(1.60210° C)? 
(4.0x10°™" m)(1.602x10™ J/eV) 
This is an estimate of the threshold energy for this reaction. 
EVALUATE: The reaction releases energy but the total initial kinetic energy of the reactants must be 1.4 MeV in 
order for the reacting nuclei to get close enough to each other for the reaction to occur. The nuclear force is strong 
but is very short-range. 


U = (8.988x10°N -m° /C°) =1.4 MeV 


235 235 


IDENTIFY and SET UP: 0.7% of naturally occurring uranium is the isotope “° U. The mass of one “° U nucleus 


is about 235m,. 

1.0x10" J 
(200x10° eV)(1.60x10" J/eV) 
aSU required is (3.13x10”)(235m,) = 1.23x10° kg. 


1.23x10° kg : 
p) ee ke 176x10 k 
b) -7x10 ž 


EVALUATE: The calculation assumes 100% conversion of fission energy to electrical energy. 
IDENTIFY and SET UP: The energy released is the energy equivalent of the mass decrease. 1 u is equivalent to 
931.5 MeV. The mass of one U nucleus is 235m). 


EXECUTE: (a) ^5 U +on — '%Ba+ 3 Kr+3)n 


EXECUTE: (a) The number of fissions needed is =3.13x10” . The mass of 


We can use atomic masses since the same number of electrons are included on each side of the reaction equation 
and the electron masses cancel. The mass decrease is 


AM = m(%3:U) +m( jn) —] m( Ba) + m( Kr) +3m(jn) | 

AM = 235.043930 u + 1.0086649 u — 143.922953 u — 88.917630 u —3(1.0086649 u) 
AM =0.1860 u. The energy released is (0.1860 u)(931.5 MeV/u) = 173.3 MeV . 
1.00x10° kg 


m, 


(173.3 MeV/nucleus)(2.55x10"' nuclei/g) = 4.4210" MeV/g . 
(a) Sit y> SMg +; X. A+24=28 so A=4. Z+12=14 so Z=2. X isan a@ particle. 


2 
(b) E, = —Amc’ = (23.985042 u + 4.002603 u — 27.976927 u) (931.5 MeV/u) = 9.984 MeV 
The energy liberated will be 
M (He) + M ($ He) — M (Be) = (3.016029 u + 4.002603 u — 7.016929 u)(931.5 MeV/u) = 1.586 MeV. 
(a) Z=3+2-0=S5and A=4+7-1=10. 


(b) The nuclide is a boron nucleus, and my, + m, — m, 


(b) The number of *°U nuclei in 1.00 g is =2.55x10°'. The energy released per gram is 


—m, =—3.00X107 u, and so 2.79 MeV of energy is absorbed. 


Nuclei: 4X% > 4-3Y%* +3 He** . Add the mass of Z electrons to each side and we find: 


n 


Am=M G X)-M EZY) -M ĠHe), where now we have the mass of the neutral atoms. So as long as the mass of 


the original neutral atom is greater than the sum of the neutral products masses, the decay can happen. 


A 


Denote the reaction as “x Don 


Y +e. The mass defect is related to the change in the neutral atomic masses by 
[ng —Zm,|—[m, —(Z +1)m,]- m, = (m; — m), 
where m, and m, are the masses as tabulated in, for instance, Table (43.2). 
ox + , FY?" +B’. Adding (Z-1) electrons to both sides yields 4X* > , “Y + 8". So in terms of masses: 
Am=M (3X"*)-M(,'Y)-m, =(M(3X)-m,)-M(,¢Y)-m,=M(3X)-M(,'Y)-2m,. So the decay will 
occur as long as the original neutral mass is greater than the sum of the neutral product mass and two electron masses. 
IDENTIFY and SETUP: m= pV. 1 gal =3.788 L=3.788x10° m°. The mass of a U nucleus is 235m,. 
1 MeV =1.60x10°" J 
EXECUTE: (a) For 1 gallon, m= pV =(737 kg/m’)(3.788x10~ m°) = 2.79 kg =2.79x10° g 

1.3x10° J/gal 


—— = = 4.7x10* J/g 
2.79X10° g/gal 
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1.00x107 kg 


5m, 


(200 MeV/nucleus)(1.60x 10 J/MeV)(2.55x10” nuclei) = 8.2x10"° J/g 

(c) A mass of 6m, produces 26.7 MeV. 

(26.7 MeV)(1.60 107? J/MeV) 
6m 5 


(d) The total energy available would be (1.9910 kg)(4.7x10" J/kg) =9.4x10" J 


(b) 1 g contains =2.55x10”' nuclei 


=4.26x10" J/kg = 4.26x10" J/g 


nergy o p= E8 _ 9.4x10°7J 
power 3.86x10° W 
EVALUATE: Ifthe mass of the sun were all proton fuel, it would contain enough fuel to last 


4.3x10" 
(7600 yr) 2 O E 
4.7x10° J/g 


43.53. Using Eq: (43.12): 3M =ZM,, + Nm, — E,/c? > M(?}Na)=11M,, +13m, - E, / C°. 
(0) | 
24) 


power =< =2.4x10" s=7600 yr 


=7.0x10"° yr. 


But E, = (15.75 MeV)(24) — (17.80 MeV)(24)”? — (0.7100 MeV) 


— (39 MeV)(24) “7 =198.31 MeV. 


(23.69 Mev) 4-20 DY" 
24 


(198.31 MeV) 


= 23.9858 u 
931.5 MeV/u 


=> M (?*Na) =11(1.007825 u) + 13(1 .008665 u) — 


_ 23.990963 — 23.9858 
23.990963 
If the binding energy term is neglected, M (ff Na) = 24.1987 u and the percentage error would be 


24,1987 E T 
23.990963 


% error x100 = 0.022%. 


43.54. The a-particle will have => of the released energy (see Example 43.5). = (Mp, — Mg, — My) = 


a 


5.032107 u or 4.69 MeV. 
43.55. (a) IDENTIFY and SET Up: The heavier nucleus will decay into the lighter one. 
EXECUTE: °? Al will decay into ;>Mg. 
(b) IDENTIFY and SET Up: Determine the emitted particle by balancing A and Z in the decay reaction. 


25 


EXECUTE: This gives [? Al; Mg +,) e. The emitted particle must have charge +e and its nucleon number 


must be zero. Therefore, it is a * particle, a positron. 

(c) IDENTIFY and SET Up: Calculate the energy defect AM for the reaction and find the energy equivalent of 
AM. Use the nuclear masses for {3 Al and ;>Mg, to avoid confusion in including the correct number of electrons if 
neutral atom masses are used. 

EXECUTE: The nuclear mass for ;} Al is M „e (3 Al) = 24.990429 u —13(0.000548580 u) = 24.983297 u. 

The nuclear mass for 2 Mg is M „e (> Mg) = 24.985837 u—12(0.000548580 u) = 24.979254 u. 

The mass defect for the reaction is 

AM =M. ŽAI) -M C3Mg)-M (°,e) = 24.983297 u — 24.979254 u — 0.00054858 u = 0.003494 u 


nuc 


Q = (AM )c? =0.003494 u(931.5 MeV/1 u) =3.255 MeV 


EVALUATE: The mass decreases in the decay and energy is released. Note: 7} Al can also decay into 


nuc 


2 Mg by the electron capture. 

ŽA eË Mg 

The = electron in the reaction is an orbital electron in the neutral a Al atom. The mass defect can be calculated 
using the nuclear masses: 

AM =M (BAI)+M (Ce) M (Mg) = 24.983287 u +0.00054858 u — 24.979254 u = 0.004592 u. 

Q= (AMY c? = (0.004592 u)(931.5 MeV/1 u) = 4.277 MeV 


The mass decreases in the decay and energy is released. 
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43.56. 


43.57. 


43.58. 


43.59. 


(a) Ma po T Maw pp — Ma pe = 5.81107 u, or Q = 5.41 MeV. The energy of the alpha particle is (206/210) times this, 
or 5.30 MeV (see Example 43.5). 


(b) Map. — Map pi M y = -5.35x10°u<0, so the decay is not possible. 
(c) May po T Mhp, — My = —8.22x10°u <0, so the decay is not possible. 


(d) m > My,» SO the decay is not possible (see Problem (43.50)). 


210 
g5 At 


(e) Ma, + 2m, > M2 p+ SO the decay is not possible (see Problem (43.51)). 


$3 Bi 
IDENTIFY and SET UP: The amount of kinetic energy released is the energy equivalent of the mass change in the 
decay. m, =0.0005486 u and the atomic mass of '7N is 14.003074 u. The energy equivalent of 1 u is 


931.5 MeV. “C has a half-life of 7,,, =5730 yr =1.81x10'' s. The RBE for an electron is 1.0. 

EXECUTE: (a) C> e` +%N +70, 

(b) The mass decrease is AM = m( 4C) -= |m, + m( ‘N)] . Use nuclear masses, to avoid difficulty in accounting for 
atomic electrons. The nuclear mass of 4C is 14.003242 u — 6m, = 13.999950 u . 

The nuclear mass of 'ŻN is 14.003074 u — 7m, = 13.999234 u . 


AM =13.999950 u — 13.999234 u — 0.000549 u =1.67x10™“ u . The energy equivalent of AM is 0.156 MeV. 
(c) The mass of carbon is (0.18)(75 kg)=13.5 kg . From Example 43.9, the activity due to 1 g of carbon in a 


living organism is 0.255 Bq. The number of decay/s due to 13.5 kg of carbon is (13.5x10°)(0.255 Bq/g) = 

3.4x10° decays/s . 

(d) Each decay releases 0.156 MeV so 3.4x10° decays/s releases 530 MeV/s = 8.5x10™ J/s. 

(e) The total energy absorbed in 1 yr is (8.5x10' J/s)(3.156x10’ s)=2.7x10° J. The absorbed dose is 

2.7x10° J 
75 kg 

IDENTIFY and SET Up: m, = 264m, = 2.40x10™ kg. The total energy of the two photons equals the rest mass 


=3.6x10° J/kg = 36 uGy = 3.6 mrad. With RBE =1.0, the equivalent dose is 36 uSv =3.6 mrem. 


energy m, c° of the pion. 
EXECUTE: (a) E,, =}m,c° =4(2.40x10 kg)(3.00x10* m/s)? =1.08x10™ J= 67.5 MeV 
h he _1.24x10° eV- 

Bee oH CL ae m 
nA En 67.5x10° eV 

These are gamma ray photons, so they have RBE =1.0. 

(b) Each pion delivers 2(1.08x10™ J) =2.16x10""' J. 

The absorbed dose is 200 rad = 2.00 Gy = 2.00 J/kg. 

The energy deposited is (25x10~ kg)(2.00 J/kg) = 0.050 J. 

0.050 J 


2.16x10°'' J/meson 
EVALUATE: Note that charge is conserved in the decay since the pion is neutral. If the pion is initially at rest the 
photons must have equal momenta in opposite directions so the two photons have the same / and are emitted in 
opposite directions. The photons also have equal energies since they have the same momentum and E = pc. 


=1.84x10" m=18.4 fm 


=2.3x10° mesons. 


0 : 
The number of z mesons needed is 


IDENTIFY and SET Up: Find the energy equivalent of the mass decrease. Part of the released energy appears as 


the emitted photon and the rest as kinetic energy of the electron. 
EXECUTE: '% Au >‘; Hg+‘e 


The mass change is 197.968225 u — 197.966752 u =1.473x10° u 
(The neutral atom masses include 79 electrons before the decay and 80 electrons after the decay. This one 
additional electron in the products accounts correctly for the electron emitted by the nucleus.) The total energy 


released in the decay is (1.473x10° u)(931.5 MeV/u) =1.372 MeV. This energy is divided between the energy of 


the emitted photon and the kinetic energy of the J` particle. Thus the J~ particle has kinetic energy equal to 
1.372 MeV -0.412 MeV =0.960 MeV. 
EVALUATE: The emitted electron is much lighter than the 's}Hg nucleus, so the electron has almost all the final 


kinetic energy. The final kinetic energy of the '*Hg nucleus is very small. 
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43.60. 
43.61. 


43.62. 


43.63. 


43.64. 


43.65. 


43.66. 


43.67. 


(See Problem (43.51)) Mic Mig T 2m, = 1.03x10°% u. Decay is energetically possible. 
IDENTIFY and SET UP: The decay is energetically possible if the total mass decreases. Determine the nucleus 
produced by the decay by balancing A and Z on both sides of the equation. '}N — ,’e +'%C. To avoid confusion in 


including the correct number of electrons with neutral atom masses, use nuclear masses, obtained by subtracting 
the mass of the atomic electrons from the neutral atom masses. 


EXECUTE: The nuclear mass for ';N is Mw (';N) =13.005739 u —7(0.00054858 u) = 13.001899 u. 

The nuclear mass for '}C is M w ($C) =13.003355 u — 6(0.00054858 u) = 13.000064 u. 

The mass defect for the reaction is 

AM =M,,, (N)-M,,, ($C)-M (1e). AM =13.001899 u —13.000064 u —0.00054858 u = 0.001286 u. 


EVALUATE: The mass decreases in the decay, so energy is released. This decay is energetically possible. 


(a) A least-squares fit to log of the activity vs. time gives a slope of 2 =0.5995 h™', for a half-life of aS =1.16h. 


(2.00x10* Bq) 


- =1.20x10*. 
(0.5995 hr~')(1 hr/3600 s) 


(b) The initial activity is NA, and this gives N, = 


(c) Nye“ =1.81x 10°. 
dN(t) bút aN(t) _ 
d dt 


The activity A(t) = AN(t) so — AN, = A, . Taking the derivative of 


dN(t) _ 
dt 
From Eq.43.17 N(t)=N,e™ but N,e™ = Nye 


(my) (72) 1)" t 
=N, [eta] = N| ee] . SONH=N, =) where n = —. 


1/2 


N(t)=Ne™ AN,e 4 = Ae“, or A(t)=Ae™. 


(In 2)(1/T;2) 


(We have used that aln x = ln(x"), e“ =(e*)’, and e™* =x.) 

IDENTIFY and SET UP: One-half of the sample decays in a time of Tj. 
10x10? yr 
200,000 yr 


EXECUTE: (a) =5.0x10* 


(b) pew, This exponent is too large for most hand-held calculators. But (H) =10°°" so 


Cpe = (1023015010 = 1071520 

2 

IDENTIFY and SETUP: 7,= z . The mass of a single nucleus is 149m, = 2.49x10 kg. AN/At=-AN . 

12.0x107 k 

120x10 KE _ 4. 99x10” 

2.49x10 kg 

AN/At _ 2.65 decays/s 
N 4.82x10” 

IDENTIFY: Use Eq. (43.17) to relate the initial number of radioactive nuclei, N,, to the number , N, left after time t. 


EXECUTE: N= . AN/At =—2.65 decays/s 


In2 


a= =5.50x10” s"; T, =~ =1.26x10% s=3.99x10" yr 


SET Up: We have to be careful; after “Rb has undergone radioactive decay it is no longer a rubidium atom. Let 


N,s be the number of “Rb atoms; this number doesn’t change. Let N, be the number of *’Rb atoms on earth 


when the solar system was formed. Let N be the present number of *’Rb atoms. 
EXECUTE: The present measurements say that 0.2783= N/(N + N,.). 


(N + N,,;)(0.2783) = N, so N =0.3856N,.. The percentage we are asked to calculate is N,/(N, + N,;). 
N and N, are related by N = N,e“ so N, =e*“N. 


Thus No Ne” _(0.3855e")N5  _ _0.3856e” 
N +N; Ne“ +Ngs (0.3856e%)N, +N,  0.3856e” +1 
t=4.6x10°y; A= SE Ne eC y` 


Tp 4.75x10" y 


A 1.459x10!! y7! )(4.6x10° 0.16711 
gU aa OTUN IR Se =1.0694 
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N, _ (0.3856)(1.0694) 
N, +N, (0.3856)(1.0694)+1 


EVALUATE: The half-life for “Rb is a factor of 10 larger than the age of the solar system, so only a small 


Thus =29.2%. 


fraction of the “Rb nuclei initially present have decayed; the percentage of rubidium atoms that are radioactive is 
only a bit less now than it was when the solar system was formed. 

43.68. (a) (6.25x10'”)(4.77x 10° MeV)(1.60210-” J/eV)/(70.0 kg) = 0.0682 Gy = 0.682 rad 
(b) (20)(6.82 rad ) = 136 rem 


(eh Np ea Ba 6s 
mM, fy. 
6.25x10" A ee : ; 
(d) EAT =5.34x10" s, about an hour and a half. Note that this time is so small in comparison with the 
.17x q 


half-life that the decrease in activity of the source may be neglected. 

43.69. IDENTIFY and SET UP: Find the energy emitted and the energy absorbed each second. Convert the absorbed 
energy to absorbed dose and to equivalent dose. 
EXECUTE: (a) First find the number of decays each second: 


3.7010" decays/s 
1Ci 


The average energy per decay is 1.25 MeV, and one-half of this energy is deposited in the tumor. The energy 
delivered to the tumor per second then is 


4(9.6x10° decays/s)(1.25x10° eV/decay)(1.602x10"” J/eV) = 9.610" J/s. 

(b) The absorbed dose is the energy absorbed divided by the mass of the tissue: 

9.6x107 J/s 
0.500 kg 

(c) equivalent dose (REM) = RBE x absorbed dose (rad) 

In one second the equivalent dose is 0.70(1.9x10~ rad) =1.3x10~ rem. 


(d) (200 rem/1.3x10~ rem/s) =1/5x10° s(1 h/3600 s) = 420 h =17 days. 


EVALUATE: The activity of the source is small so that absorbed energy per second is small and it takes several 
days for an equivalent dose of 200 rem to be absorbed by the tumor. A 200 rem dose equals 2.00 Sv and this is 
large enough to damage the tissue of the tumor. 


2.6x10~ af J910 decays/s 


=(1.9x10° J/kg-s)(1 rad/(0.01 J/kg)) =1.9x10™% rad/s 


Q7240/122.2 cola 1 


43.70. (a) After 4.0 min = 240 s, the ratio of the number of nuclei is ayaa = m9 122) 124, 


(b) After 15.0 min = 900 s, the ratio is 7.1510". 
43.71. IDENTIFY and SET Up: The number of radioactive nuclei left after time t is given by N = Nye“. The problem 
says N/N,=0.21; solve for t. 
EXECUTE: 0.21=e™” so In(0.21) =—At and t =—In(0.21)/A 
—In(0.21) 
1.209x10* y 
EVALUATE: The half-life of '*C is 5730 y, so our calculated ¢ is more than two half-lives, so the fraction 


Example 43.9 gives A =1.209x10* y™ for “C. Thus t= =1.3x10* y. 


. . 2 
remaining is less than (4) =a 


43.72. IDENTIFY: The tritium (H-3) decays to He-3. The ratio of the number of He-3 atoms to H-3 atoms allows us to 
calculate the time since the decay began, which is when the H-3 was formed by the nuclear explosion. The H-3 
decay is exponential. 


SET Up: The number of tritium (H-3) nuclei decreases exponentially as Ny = N, pe ~ , with a half-life of 


12.3 years. The amount of He-3 present after a time f is equal to the original amount of tritium minus the number 
of tritium nuclei that are still undecayed after time t. 
EXECUTE: The number of He-3 nuclei after time t is 


Nue = Nou — Nu = Nou- Nope” = Nou (1 = e”), 
Taking the ratio of the number of He-3 atoms to the number of tritium (H-3) atoms gives 
Nue _ Now (1- e”) a e” =e” 


-1 
-At -At . 
Ny None e 
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43.73. 


43.74. 


43.75. 


In(1+ Ny./ Ny) In2 


Solving for t gives t= 7 . Using the given numbers and T, = F we have 


UND ME naa 
Tyg “12.39 0.0563/y 
EVALUATE: One limitation on this method would be that after many years the ratio of H to He would be too 
small to measure accurately. 
(a) IDENTIFY and SET Up: Use Eq.(43.1) to calculate the radius R of a ‘H nucleus. Calculate the Coulomb 


= 30 years. 


potential energy (Eq.23.9) of the two nuclei when they just touch. 
EXECUTE: The radius of {H is R=(1.2x107° m)(2)'" =1.51x10™ m. The barrier energy is the Coulomb 


potential energy of two 7H nuclei with their centers separated by twice this distance: 


1 e 1.602x10°” C} 

y=) © = (8.98810? Nem? /c2) S20 ©) 
47e, r 2(1.51x10™° m) 

(b) IDENTIFY and SET Up: Find the energy equivalent of the mass decrease. 


EXECUTE: {H+;H—}He+(n 


=7.64x10™ J=0.48 MeV 


If we use neutral atom masses there are two electrons on each side of the reaction equation, so their masses cancel. 
The neutral atom masses are given in Table 43.2. 


7H+/H has mass 2(2.014102 u) = 4.028204 u 

3He + jn has mass 3.016029 u + 1.008665 u = 4.024694 u 

The mass decrease is 4.028204 u — 4.024694 u =3.510x10° u. This corresponds to a liberated energy of 
(3.510x 10° u)(931.5 MeV/u) = 3.270 MeV, or (3.270 10° eV)(1.602 x10" J/eV) = 5.23910 J. 

(c) IDENTIFY and SET UP: We know the energy released when two 7H nuclei fuse. Find the number of reactions 
obtained with one mole of 7H. 

EXECUTE: Each reaction takes two 7H nuclei. Each mole of D, has 6.02210” molecules, so 6.02210” pairs 
of atoms. The energy liberated when one mole of deuterium undergoes fusion is (6.022x10”)(5.239x10° J) = 


3.155x10"! J/mol. 

EVALUATE: The energy liberated per mole is more than a million times larger than from chemical combustion of 
one mole of hydrogen gas. 

In terms of the number N of cesium atoms that decay in one week and the mass 

m=1.0kg, the equivalent dose is 


3.5 Sv = N (RBE)E, +(RBE),E.) = (0.66 MeV) + (1.5)(0.51 MeV)) = N (2.283x 10°" J), so 
m m m 


yo (1.0 kg)(3.5 Sv) 
(2.283107 J) 


=1.535x10". The number N, of atoms present is related to 


In 2 0.693 
Ty, (30.07 yr)(3.156X10’ sec/ yr) 


10 -1 


Then N, = Ne“ =(1.535x10" err" 5 


N by N, = Ne”. A= =7.30x10™ sec™. 


)(7 days) (8.64x10* s/day) =1.536x 10° 


m , m M , vm 
(a) Vin =V Va EVV = : 
m+M m+M m+M m+M 
n 1 M? 1 Mm’? 1 M M ? 
K' =-mv? +—Mvy = is sv + £ v = er ea v’. 
2 2(m+M) 2(m+M) 2(m+M)\m+M m+M 
, M 1 , 
K’= -m° |> K’= K=Kn. 
m+M \2 m+M 
(b) For an endoergic reaction K,,, =—Q(Q<0) at threshold. Putting this into part (a) gives 
M -(M +m 
-Q= th Kn = Jo 


M+m M 
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43.76. 


43.77. 


43.78. 


43.79. 


43.80. 


M 
K= 7 “_ K_, where K_ is the energy that the œ-particle would have if the nucleus were infinitely massive. 
arm 


Then, M=M.,,-M,-K,=M,,-M, - (276 MeV/c?) =181.94821 u. 
Am=M (Z U)-M (4 Xe)-M(%Sr)-m, 
Am = 235.043923 u — 139.921636 u — 93.915360 u — 1.008665 u = 0.1983 u 
=> E=(Am)c’ = (0.1983 u) (931.5 MeV/u) =185 MeV. 
(a) A least-squares fit of the log of the activity vs. time for the times later than 4.0 h gives a fit with correlation 
-(1 -2x 10°) and decay constant of 0.361 h™', corresponding to a half-life of 1.92 h. Extrapolating this back to time 0 
gives a contribution to the rate of about 2500/s for this longer-lived species. A least-squares fit of the log of the activity 
ys. time for times earlier than 2.0 h gives a fit with correlation = 0.994, indicating the presence of only two species. 
(b) By trial and error, the data is fit by a decay rate modeled by R =(5000 Bq)e Dy (2500 Bq)e O*¥ ") This 
would correspond to half-lives of 0.400 h and 1.92 h. 
(c) In this model, there are 1.0410’ of the shorter-lived species and 2.4910’ of the longer-lived species. 
(d) After 5.0 h, there would be 1.8010? of the shorter-lived species and 4.10x10° of the longer-lived species. 


(a) There are two processes occurring: the creation of '*I by the neutron irradiation, and the decay of the newly 


IN 
produced '*T. So Z = K — AN where K is the rate of production by the neutron irradiation. Then 
t 


K(1-e“) 


nv dN’ 
j i 


t WIN 
eam lat [In(K-AN’)]" =-4t. In(K-AN)=In K-At. N(t)= 
Figure 43.79. 


. The graph is given in 


0.693 


(b) The activity of the sample is AN (t) = K (1 - e™) = (1 5x10° decays/s)x q - a x a So the activity is 


r 


IN 
(1.5x10° decays /s) (1- geet), with f in minutes. So the activity (=) at various times is: 
t 


=N (t= 1 min) =4.1x10* Bq; — (t =10 min) = 3.6x10° Bq; 
f t 


Ae 25 min) =7.5x10° Bq; n (t =50 min) =1.1x10° Bq; 
t t 


Di (t=75 min) =1.3x10° Bq; 
t 


r 


: (t =180 min) =1.5x10° Bq; 
t 


K  (1.5x10°) (60 
(c) N,.. = am ) (60) 

A (0.02772) 
(d) The maximum activity is at saturation, when the rate being produced equals that decaying and so it equals 
1.5x10° decays/s. 


Number of nuclei 


=3.2x10’ atoms. 


3.00 x 10° 


2.00 Xx 10° |- 


1.00 X 10° 


en ee perdi 8 en Dt N Een : Time (minutes) 
; 20.0 40.0 60.0 80.0 100 120 140 160 180 200 
Figure 43.79 
The activity of the original iron, after 1000 hours of operation, would be 
(9.4x10°° Ci) (3.7X10"° Bq/Ci)2 Or" — 18306 10° Bq. The activity of the oil is 84 Bq, or 
4.5886x10~ of the total iron activity, and this must be the fraction of the mass worn, or mass of 4.59x 10° g. 


The rate at which the piston rings lost their mass is then 4.59x10% g/h. 
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44.2. 


44.3. 


44.4. 


44.5. 


(a) IDENTIFY and SET UP: Use Eq.(37.36) to calculate the kinetic energy K. 


EXECUTE: K= nel : r) =0.1547mc? 
= vIe 


m=9.109x10~"' kg, so K =1.27x10™ J 

(b) IDENTIFY and SET UP: The total energy of the particles equals the sum of the energies of the two photons. 
Linear momentum must also be conserved. 

EXECUTE: The total energy of each electron or positron is E = K + mc* =1.1547mc* =9.46x10™" J. The total 
energy of the electron and positron is converted into the total energy of the two photons. The initial momentum of 
the system in the lab frame is zero (since the equal-mass particles have equal speeds in opposite directions), so the 
final momentum must also be zero. The photons must have equal wavelengths and must be traveling in opposite 
directions. Equal 2 means equal energy, so each photon has energy 9.46x10™ J. 

(c) IDENTIFY and SET UP: Use Eq. (38.2) to relate the photon energy to the photon wavelength. 

EXECUTE: E=hc/A so A=hc/E =hcl9.46x10“ J) =2.10 pm 

EVALUATE: The wavelength calculated in Example 44.1 is 2.43 pm. When the particles also have kinetic energy, 
the energy of each photon is greater, so its wavelength is less. 

The total energy of the positron is 


E = K + mč =5.00 MeV +0.511 MeV =5.51 MeV. 
We can calculate the speed of the positron from Eq.(37.38): 


„2 2\2 2 
E- mc v 1 mc aih ay) = 0.996. 
i! v c E 5.51 MeV 
= ee 
E 


IDENTIFY and SET UP: By momentum conservation the two photons must have equal and opposite momenta. 
Then E= pc says the photons must have equal energies. Their total energy must equal the rest mass energy 


E=mc’ of the pion. Once we have found the photon energy we can use E =hf to calculate the photon frequency 
and use A=c/f to calculate the wavelength. 
EXECUTE: The mass of the pion is 270m,, so the rest energy of the pion is 270(0.511 MeV) =138 MeV. Each 


E__ (69x10° eV)(1.602x10"” J/eV) 


hoton has half this energy, or 69 MeV. E=Af so f = =1.7x10” Hz 
k By R h 6.626x10™ J -s 


_ c _2.998x10° m/s _ 
f 17x10” Hz 
EVALUATE: These photons are in the gamma ray part of the electromagnetic spectrum. 


1.8x10°'* m=18 fm. 


(a) The energy will be the proton rest energy, 938.3 MeV, corresponding to a frequency of 2.27x10° Hz anda 
wavelength of 1.32107 m. 

(b) The energy of each photon will be 938.3 MeV + 830 MeV =1768 MeV, with frequency 42.8x10° Hz and 
wavelength 7.02x10°'° m. 

(a) Am=m,, —m,, = 270m, — 207 m, = 63m, = E = 63(0.511 MeV) = 32 MeV. 


(b) A positive muon has less mass than a positive pion, so if the decay from muon to pion was to happen, you 
could always find a frame where energy was not conserved. This cannot occur. 
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hc_ h h .626x10™ J. 
44.6. (a) =£- =—_= (OOOK ED eaa m=0.0117 pm 
E me mc (207)9.11x10™ kg)(3.00x10 m/s) 
In this case, the muons are created at rest (no kinetic energy). 
(b) Shorter wavelengths would mean higher photon energy, and the muons would be created with non-zero kinetic energy. 
44.7. IDENTIFY: The energy released comes from the mass difference. 
SET Up: The mass difference is the initial mass minus the final mass. 
Am=m_-m_-m, 
i e G 
EXECUTE: Using the masses from Table 44.2, we have 
Am= m,.—m,—m,, = (105.7 MeV/c”) — (0.511 MeV/c?) — (0.511 MeV/c?) = 105 MeV/c? 
Multiplying these masses by c’ gives E = 105 MeV. 
EVALUATE: This energy is observed as kinetic energy of the electron and positron. 
44.8. IDENTIFY and SET Up: Calculate the mass change in each reaction, using the atomic masses in Table 44.2. A 
mass change of | u is equivalent to an energy of 931.5 MeV. 
EXECUTE: (a) and (b) Eq.(44.1): $He+ {Be C+ jn 
AM = m(*He)+ m(°Be)—| m(7C) + m('n) | 
AM = 4.00260 u+ 9.01218 u — 12.00000 u — 1.00866 u = 0.00612 u 
The mass decreases and the energy liberated is 5.70 MeV. The reaction is exoergic. 
Eq.(44.2): jn+'?B— {Li+ He 
AM = m('n)+m(!B)—[ m(7Li) +m(‘He) | 
AM =1.00866 u +10.01294 u — 7.01600 u — 4.00260 u = 0.00300 u 
The mass decreases and the energy liberated is 2.79 MeV. The reaction is exoergic. 
(c) The reactants in the reactions of Eq.(44.1) have positive nuclear charges and a threshold kinetic energy is 
required for the reactants to overcome their Coulomb repulsion and get close enough for the reaction to occur. The 
neutron in Eq.(44.2) is neutral so there is no Coulomb repulsion and no threshold energy for this reaction. 
44.9. IDENTIFY: The antimatter annihilates with an equal amount of matter. 
SET Up: The energy of the matter is E=(Am)c’. 
EXECUTE: Putting in the numbers gives 
E = (Am)? = (400 kg + 400 kg)(3.00x10* m/s)” =7.2x10" J. 
This is about 70% of the annual energy use in the U.S. 
EVALUATE: If this huge amount of energy were released suddenly, it would blow up the Enterprise! Getting 
useable energy from matter-antimatter annihiliation is not so easy to do! 

44.10. IDENTIFY: With a stationary target, only part of the initial kinetic energy of the moving electron is available. 
Momentum conservation tells us that there must be nonzero momentum after the collision, which means that there 
must also be left over kinetic energy. Therefore not all of the initial energy is available. 

SETUP: The available energy is given by E? = 2mc’ (E, + mc’) for two particles of equal mass when one is 
initially stationary. In this case, the initial kinetic energy (20.0 GeV = 20,000 MeV) is much more than the rest 
energy of the electron (0.511 MeV), so the formula for available energy reduces to E, =./2mc’E,, . 
EXECUTE: (a) Using the formula for available energy gives 

E,=2mc’E,, = /2(0.511 MeV)(20.0 GeV) = 143 MeV 
(b) For colliding beams of equal mass, each particle has half the available energy, so each has 71.5 MeV. The total 
energy is twice this, or 143 MeV. 
EVALUATE: Colliding beams provide considerably more available energy to do experiments than do beams 
hitting a stationary target. With a stationary electron target in part (a), we had to give the moving electron 
20,000 MeV of energy to get the same available energy that we got with only 143 MeV of energy with the 
colliding beams. 

44.11. (a) IDENTIFY and SET Up: Eq. (44.7) says @=|q|B/m so B=ma/|qj. And since w= 27f, this becomes 


B= 2amf lq]. 
EXECUTE: A deuteron is a deuterium nucleus (3H). Its charge is q =+e. Its mass is the mass of the neutral 7H 
atom (Table 43.2) minus the mass of the one atomic electron: 

m = 2.014102 u—0.0005486 u = 2.013553 u (1.66054 x 10°” kg/1 u) = 3.344 x 10” kg 

_ 2amf _ 22(3.344x10~ kg)(9.00x10° Hz) 


B 
la| 1.602x10” C 


=1.18 T 
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44.13. 


44.14. 


44.15. 


44.16. 


°B’°R _ [(1.602x10™ C)(1.18 T)(0.320 m) 
2m 2(3.344x107" kg) i 


K =5.471x10™ J = (5.471x10™" J)(1 eV/1.602x10™ J) =3.42 MeV 


-13 
K =1mv sov= Es = Cia ) =1.81x10’ m/s 
m 3.344x10” kg 


EVALUATE: v/c =0.06, so it is ok to use the nonrelativistic expression for kinetic energy. 
eB 


(a) 2f == =3.97x10/s. 
mT MT 


(b) Eq.(44.8): K =4 


(b) @R= aa 3.12x10" m/s 
m 


(c) For three-figure precision, the relativistic form of the kinetic energy must be used, 
(y-1)mc° 
e 
(a) IDENTIFY and SET UP: The masses of the target and projectile particles are equal, so Eq. (44.10) can be used. 


eV =(y-1)mc’, so eV =(y—1)mc’,soV = =5.11x10° V. 


E? =2mc’(E,,+mc’). E, is specified; solve for the energy E, of the beam particles. 


s 


E, 
EXECUTE: E, =- -me 
2mc 


The mass for the alpha particle can be calculated by subtracting two electron masses from the $He atomic mass: 
m = m, = 4.002603 u — 2(0.0005486 u) = 4.001506 u 
Then mc” = (4.001506 u)(931.5 MeV/u) = 3.727 GeV. 
E? > (16.0 GeV)’ 
mc = 
2mc? 2(3.727 GeV) 
(b) Each beam must have +E, = 8.0 GeV. 


EVALUATE: For a stationary target the beam energy is nearly twice the available energy. In a colliding beam 
experiment all the energy is available and each beam needs to have just half the required available energy. 


_ 1000x10° MeV 
938.3 MeV 


E= 


m 


3.727 GeV =30.6 GeV. 


(a) y = 1065.8, so v = 0.999999559c. 


(b) Nonrelativistic: @= a 3.83x10* rad/s. 
m 


Relativistic: @= Wl 3.59x10° rad/s. 
m y 


(a) IDENTIFY and SET UP: For a proton beam on a stationary proton target and since E, is much larger than the 
proton rest energy we can use Eq.(44.11): E? =2mc’E,. 

E? _ (774 GeV)’ 
2mc* 2(0.938 GeV) 
(b) IDENTIFY and SET UP: For colliding beams the total momentum is zero and the available energy E, is the 


EXECUTE: E = = 3200 GeV 


m 


total energy for the two colliding particles. 
EXECUTE: For proton-proton collisions the colliding beams each have the same energy, so the total energy of 


each beam is +E, = 38.7 GeV. 


EVALUATE: For a stationary target less than 3% of the beam energy is available for conversion into mass. The 
beam energy for a colliding beam experiment is a factor of (1/83) times smaller than the required energy for a 
stationary target experiment. 

IDENTIFY: Only part of the initial kinetic energy of the moving electron is available. Momentum conservation 
tells us that there must be nonzero momentum after the collision, which means that there must also be left over 
kinetic energy. 

SET Up: To create the 77’, the minimum available energy must be equal to the rest mass energy of the products, 
which in this case is the 77° plus two protons. In a collider, all of the initial energy is available, so the beam energy 
is the available energy. 

EXECUTE: The minimum amount of available energy must be rest mass energy 


E, = 2m, +m, = 2(938.3 MeV) + 547.3 MeV = 2420 MeV 
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44.17. 


44.18. 


44.19. 


44.20. 


44.21. 


44.22. 


44.23. 


Each incident proton has half of the rest mass energy, or 1210 MeV = 1.21 GeV. 

EVALUATE: As we saw in problem 44.10, we would need much more initial energy if one of the initial protons 
were stationary. The result here (1.21 GeV) is the minimum amount of energy needed; the original protons could 
have more energy and still trigger this reaction. 


Section 44.3 says m(Z°) =91.2 GeV/c’. 
E=91.2x10° eV =1.461x10° J; m=E/c? =1.63x10™ kg; m(Z°)/m(p) =97.2 
(a) We shall assume that the kinetic energy of the A° is negligible. In that case we 


can set the value of the photon’s energy equal to Q: 
Q= (1193-1116) MeV =77 MeV = E 


photon * 
(b) The momentum of this photon is 


_ E moron _ (77X10° eV)(1.60x 10" J/eV) 


@.00%10" m/s) =4.1x10™ kg- m/s 
c .00x10° m/s 


To justify our original assumption, we can calculate the kinetic energy of a A° that has this value of momentum 


2 2 2. 
ener -= OTMeV) 259 MeV << Q =77 MeV. 
2m 2mc^ 2(1116 MeV) 


A? 


Thus, we can ignore the momentum of the A° without introducing a large error. 
IDENTIFY and SET UP: Find the energy equivalent of the mass decrease. 


EXECUTE: The mass decrease is m(>*)—m(p)—m(z°) and the energy released is 


me’ (%*)—mce?(p)— mc? (7°) = 1189 MeV — 938.3 MeV —135.0 MeV =116 MeV. (The mc’ values for each 
particle were taken from Table 44.3.) 

EVALUATE: The mass of the decay products is less than the mass of the original particle, so the decay is 
energetically allowed and energy is released. 

IDENTIFY: Ifthe initial and final rest mass energies were equal, there would be no left over energy for kinetic 
energy. Therefore the kinetic energy of the products is the difference between the mass energy of the initial 
particles and the final particles. 

SET Up: The difference in mass is Am = M o TMo My 


EXECUTE: Using Table 44.3, the energy difference is 
E =(Am)c? =1672 MeV —1116 MeV — 494 MeV = 62 MeV 


EVALUATE: There is less rest mass energy after the reaction than before because 62 MeV of the initial energy 
was converted to kinetic energy of the products. 
Conservation of lepton number. 


(a) “ ame +v, + v > L, :+1#-1, L,:04+1+1, so lepton numbers are not conserved. 

(b) rT Se +¥,4+v,>L,:0=+4+1-1; L,:+1=+1, so lepton numbers are conserved. 

(c) z* => e" +y. Lepton numbers are not conserved since just one lepton is produced from zero original leptons. 
(d) n>pte +y, > L,:0=+1-1, so the lepton numbers are conserved. 


IDENTIFY and SET Up: p and n have baryon number +1 and p has baryon number —1. e*, e`, D, and y all 
have baryon number zero. Baryon number is conserved if the total baryon number of the products equals the total 
baryon number of the reactants. 

EXECUTE: (a) reactants: B=1+1=2. Products: B=1+0=1. Not conserved. 

(b) reactants: B=1+1=2. Products: B=0+0=0. Not conserved. 

(c) reactants: B=+1. Products: B=1+0+0=+1. Conserved. 

(d) reactants: B=1—1=0. Products: B=0. Conserved. 

IDENTIFY and SET Up: Compare the sum of the strangeness quantum numbers for the particles on each side of 
the decay equation. The strangeness quantum numbers for each particle are given Table 44.3. 


EXECUTE: (a)K* >y*+v,; Sy, =+1, S,, =0, S, =0 


S =1 initially; S=0 for the products; S is not conserved 
(b) n+K* >p+z°; S,=0, Se =t1 S,=0, S =0 
S =1 initially; S=0 for the products; S is not conserved 
(© K+K >a’ +a; So =41; Sp =-1; S =0 


S=+1-1=0 initially; S=0 for the products; S is conserved 


P 
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44.24. 


44.25. 


44.26. 


44.27. 


(d) p+K >A +a"; S,=0, S; =-1,8,, =l, S =0. 
S =-—1 initially; S =—1 for the products; S is conserved 
EVALUATE: Strangeness is not a conserved quantity in weak interactions and strangeness non-conserving 


reactions or decays can occur. 
(a) Using the values of the constants from Appendix F, 


2 
1 
© =7.29660475x10° = ————_, or 1/137 to three figures. 
47e,hic 137.050044 
e 2 
(b) From Section 38.5, v, = . But notice this is just c , as claimed. 

2e,h 47e,hic 

2 2 
i ees z = 1 and thus £ is dimensionless. (Recall f? has units of energy times distance.) 

he (J-s)(m-s~) he 


(a) The diagram is given in Figure 44.26. The Q` particle has Q =-—1 (as its label suggests) and S =—3. Its 
appears as a “hole” in an otherwise regular lattice in the S -Q plane. The mass difference between each S row is 
around 145 MeV (or so). This puts the Q` mass at about the right spot. As it turns out, all the other particles on 


this lattice had been discovered already and it was this “hole” and mass regularity that led to an accurate prediction 
of the properties of the Q ! 


(b) See diagram. Use quark charges u=+ - d= + ,and s = + as a guide. 


=e S +e +2e 
M = 1232MeV/c2 A S=0 —#—~#—4¢—_4——_Q 
ddd udd uud uuu 
M = 1385 MeV/c? > a Gee PE 7 SEN E 
dds uds uus 
M = 1530 MeV/c? =e SoH QD a Ossie P INE EE ENE NT S AIIAN ATN 
dss uss 
M = 1672 MeV/c? Q7> §=-3 0 Perret PS eee eS ATE 
SSS 
Figure 44.26 


IDENTIFY and SET Up: Each value for the combination is the sum of the values for each quark. Use Table 44.4. 
EXECUTE: (a) uds 


S=0+0-1=-1 


C=0+0+0=0 

(b) cu 

The values for u are the negative for those for u. 
Q=}e-że=0 

B=1-1=0 

S=0+0=0 

C=+4+1+0=+1 

(c) ddd 


3 3 k 
S=0+0+0=0 
C=0+0+0=0 
(d) de 
Q=-+e-+e=-e 
B=4-4=0 
S=0+0=0 
C=0-1=-1 


EVALUATE: The charge, baryon number, strangeness and charm quantum numbers of a particle are determined 
by the particle's quark composition. 
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44.28. (m,- 2m,)c” = (9460 MeV — 2(1777 MeV)) =5906 MeV (see Sections 44.3 and 44.4 for masses). 


44.29. (a) The antiparticle must consist of the antiquarks so n=udd. 
(b) So n = udd is not its own antiparticle. 
(c) w=ce sow =cc =y so the y is its own antiparticle. 

44.30. (a) S=1 indicates the presence of one s antiquark and no s quark. To have baryon number 0 there can be only 
one other quark, and to have net charge +e that quark must be a u, and the quark content is us. 
(b) The particle has an s antiquark, and for a baryon number of —1 the particle must consist of three antiquarks. 
For a net charge of —e, the quark content must be dds. 


(c) S =—2 means that there are two s quarks, and for baryon number 1 there must be one more quark. For a charge 
of 0 the third quark must be a u quark and the quark content is uss. 
44.31. IDENTIFY: A proton is made up of wud quarks and a neutron consists of udd quarks. 


SET Up: Ifa proton decays by Ø* decay, we have p—e*+n+v, (both charge and lepton number are 
conserved). 
EVALUATE: Since a proton consists of uud quarks and a neutron is udd quarks, it follows that in Ø” decay au 


quark changes to ad quark. 
44.32. (a) Using the definition of z from Example 44.9 we have that 


ents A) 

A, A, 

Now we use Eq.(44.13) to obtain tee J - jee = ee 
c-V l-v/c 1-8 


(l+z)’-1_1.5°-1 


b) Solving the above equation for 8 we obtain p = = 0.3846. 
we j 4 á d (+z) +1 1.5°+1 
Thus, v =0.3846 c =1.15x10° m/s. 
(c) We can use Eq.(44.15) to find the distance to the given galaxy, 
8 
_ v _ 15x10" m/s) =1.6x10? Mpe 


H,  (7.1x10* (m/s)/Mpc) 
44.33. (a) IDENTIFY and SET UP: Use Eq.(44.14) to calculate v. 
(4/4}- a 7 ee nm/590 nm)? —1 
(4/47 +1 (658.5 nm/590 nm)” +1 
v =(0.1094)(2.998x10* m/s) = 3.28x10’ m/s 
(b) IDENTIFY and SET UP: Use Eq.(44.15) to calculate r. 
v 3.28x10* km/s 
EXECUTE: r=— = 
H, (71 (km/s)/Mpc)(1 Mpc/3.26 Mly) 
EVALUATE: The red shift 1,/2,—1 for this galaxy is 0.116. It is therefore about twice as far from earth as the 
galaxy in Examples 44.9 and 44.10, that had a red shift of 0.053. 
c _ 3.00x10° m/s 
H, 20(km/s)/Mly 
(b) This distance represents looking back in time so far that the light has not been able to reach us. 
44.35. (a) IDENTIFY and SET Up: Hubble's law is Eq.(44.15), with H, =71 (km/s)/(Mpc). 1 Mpc = 3.26 Mly. 
EXECUTE: = r=5210 Mly so v= Ayr =((71 km/s)/Mpc)(1 Mpc/3.26 Mly)(5210 Mly) = 1.1x10° km/s 
(b) IDENTIFY and SET UP: Use v from part (a) in Eq. (44.13). 


EXECUTE: A crv. l+v/c 
A, Ne-v Vi-vie 


8 
v _ LIx10 ae -0.367 so Ay [1+ 0.367 -1.5 
c 2.9980x10° m/s As 1—0.367 
EVALUATE: The galaxy in Examples 44.9 and 44.10 is 710 Mly away so has a smaller recession speed and 
redshift than the galaxy in this problem. 


—27 


44.36. IDENTIFY and SETUP: m, =1.67x10~ kg. The ideal gas law says pV =nRT. Normal pressure is 


EXECUTE: v= l | =0.1094c 


=1510 Mly 


44.34. From Eq.(44.15), r= =1.5x10* Mly. 


1.013x10° Pa and normal temperature is about 27 °C =300 K . 1 mole is 6.02x10” atoms. 
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44.37. 


44.38. 
44.39. 


44.40. 
44.41. 


44.42. 


44.43. 


6.3x10” kg/m* 
1.67x10” kg/atom 
(b) V = (4 m)\(7 m)(3 m) =84 m° and (3.8 atoms/m*)(84 m?) = 320 atoms 
(c) With p =1.013x10° Pa, V =84 m°, T =300 K the ideal gas law gives the number of moles to be 
BV (1.013x10° Pa)(84 m°) 
RT (8.3145 J/mol- K)(300 K) 
(3.4x10° moles)(6.02x10” atoms/mol) = 2.0x10” atoms 


EVALUATE: The average density of the universe is very small. Interstellar space contains a very small number of 
atoms per cubic meter, compared to the number of atoms per cubit meter in ordinary material on the earth, such as air. 
IDENTIFY and SET UP: Find the energy equivalent of the mass decrease. 


EXECUTE: (a) p+ {H — 3He or can write as H + {H > }He 


EXECUTE: (a) =3.8 atoms/m* 


=3.4x10° moles 


If neutral atom masses are used then the masses of the two atomic electrons on each side of the reaction will 
cancel. 


Taking the atomic masses from Table 43.2, the mass decrease is m({H) + m({H) = m(3He) = 1.007825 u + 
2.014102 u -3.016029 u = 0.005898 u. The energy released is the energy equivalent of this mass decrease: 
(0.005898 u)(931.5 MeV/u) = 5.494 MeV 

(b) ¿n+ 3He > $He 

If neutral helium masses are used then the masses of the two atomic electrons on each side of the reaction equation 
will cancel. The mass decrease is m( an) + m( iHe) = m( $He) = 1.008665 u+ 3.016029 u — 4.002603 u = 
0.022091 u. The energy released is the energy equivalent of this mass decrease: 

(0.022091 u)(931.15 MeV/u) = 20.58 MeV 

EVALUATE: These are important nucleosynthesis reactions, discussed in Section 44.7. 

3m(t He) — m(?C) = 7.8010° u, or 7.27 MeV. 


Am=m, +m,—-m,-m, so assuming m, = 0, 
Am = 0.0005486 u + 1.007276 u — 1.008665 u = -8.40 x10% u 
E =(Am)c’ = (-8.40x10™ u)(931.5 Me V/u) = —0.783 MeV and is endoergic. 


m, +m, —m,. =7.69xX10°u, or 7.16 MeV, an exoergic reaction. 
Ze 4$He o 


IDENTIFY and SET UP: The Wien displacement law (Eq.38.30) sys 4,,7 equals a constant. Use this to relate 
Ap. at T, to A,,, at Ty. 
EXECUTE: Apih = Ann 


(2) =1.062x10” mf 2:128 3 =966 nm 


An =A 


m,2 


i 3000 K 


EVALUATE: The peak wavelength was much less when the temperature was much higher. 
(a) The dimensions of Å are energy times time, the dimensions of G are energy times time per mass squared, and 


so the dimensions of V#G/c° are 


(E-T)(E-L/M?) “AE T | de 
(L/T) M]|) L TI IL 
b > (ee J-s)(6.673x10™! N-m?/kg?) 
c? 


27(3.00x10° m/s)’ 


IDENTIFY and SET UP: For colliding beams the available energy is twice the beam energy. For a fixed-target 
experiment only a portion of the beam energy is available energy (Eqs.44.9 and 44.10). 

EXECUTE: (a) E, =2(7.0 TeV)=14.0 TeV 

(b) Need E, =14.0 TeV =14.0x10° MeV. Since the target and projectile particles are both protons Eq. (44.10) can 
be used: E? = 2mc?(E,, + mc’) 

E? 2 _ (14.0x10° MeV)’ 


E, =- mc 
2mc 2(938.3 MeV) 


EVALUATE: This shows the great advantage of colliding beams at relativistic energies. 


1/2 
) =1.616x10™ m. 


938.3 MeV =1.0x10'"! MeV =1.0x10" TeV. 
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44.44. 
44.45. 


44.46. 


44.47. 


44.48. 


44.49. 


K+ met =, K =. mjc? =652 MeV. 
AeA 


IDENTIFY and SET Up: Section 44.3 says the strong interaction is 100 times as strong as the electromagnetic 
interaction and that the weak interaction is 10° times as strong as the strong interaction. The Coulomb force is 


mm, 


k ae 2 
F,= i and the gravitational force is F, =G—, 
r r 


_ 9.010" N-m7/C?)(1.60x 10" C)? 


EXECUTE: (a) F, (x10 m) = 200 N 
(6.67x10™ N-m7/kg”)(1.67x10-” kg)” Sy 

F,= on a =2x10™ N 

(b) F, ~100F,~2x10'N. Fax ~10°F,, =2x10° N 

(c) Fy. > Fy > Fua >F, 

(d) F, =1x10%F,. RF, ~100F,~1x10"F,. Fax =10° F, =1x10”F, 


EVALUATE: The gravity force is much weaker than any of the other three forces. Gravity is important only when 
one very massive object is involved. 


In Eq.(44.9), E, = (Mm + Mo Jc’, and with M = m,,m=m_ and E, = (m_ X? +K, 


E? - (m, -° Y — (mey 


50 


K= _)e? 
2m,c° On, ue 
2 2 2 
K= (1193 MeV + 497.7 MeV) — (139.6 Me VY — (938.3 MeV) 139.6 MeV = 904 MeV. 
2(938.3 MeV) 


IDENTIFY: With a stationary target, only part of the initial kinetic energy of the moving proton is available. 
Momentum conservation tells us that there must be nonzero momentum after the collision, which means that there 
must also be left over kinetic energy. Therefore not all of the initial energy is available. 


SETUP: The available energy is given by E? =2mc? (E, + mc’) for two particles of equal mass when one is 


initially stationary. The minimum available energy must be equal to the rest mass energies of the products, which in 


this case is two protons, a K* and a K” . The available energy must be at least the sum of the final rest masses. 
EXECUTE: The minimum amount of available energy must be 
E, =2m, +m, +m,- =2(938.3 MeV) + 493.7 MeV + 493.7 MeV = 2864 MeV = 2.864 GeV 


Solving the available energy formula for E„ gives E? = 2mc? (E, + mc’) and 


E? 2 _ (2864 MeV)’ 
2m ~~ 2038.3 MeV) 
Recalling that E, is the total energy of the proton, including its rest mass energy (RME), we have 

K = E,, — RME = 3432.6 MeV — 938.3 MeV = 2494 MeV = 2.494 GeV 


Therefore the threshold kinetic energy is K = 2494 MeV = 2.494 GeV. 
EVALUATE: Considerably less energy would be needed if the experiment were done using colliding beams of 
protons. 


E = 


m 


938.3 MeV = 3432.6 MeV 


(a) The decay products must be neutral, so the only possible combinations are 2°2°z° or Am m" 


(b) m,, ~ 3m o =142.3 Me v/ c’, so the kinetic energy of the m° mesons is 142.3 MeV. For the other reaction, 
K= (m,, Mo TM Mm; jc? =133.1 MeV. 


IDENTIFY and SET UP: Apply conservation of linear momentum to the collision. A photon has momentum 


h 
p=h/åÀ, in the direction it is traveling. The energy of a photon is E = pc = a All the mass of the electron and 


positron is converted to the total energy of the two photons, according to E =mc*. The mass of an electron and of 
a positron is m, =9.1 1x107! kg 


EXECUTE: (a) In the lab frame the initial momentum of the system is zero, since the electron and positron have 
equal speeds in opposite directions. According to momentum conservation, the final momentum of the system 
must also be zero. A photon has momentum, so the momentum of a single photon is not zero. 

(b) For the two photons to have zero total momentum they must have the same magnitude of momentum and move 
in opposite directions. Since E = pc , equal p means equal E. 
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44.50. 


44.51. 


44.52. 


44.53. 


44.54, 


44.55. 


44.56. 


(©) 2E,, = 2m,c° so En = mc 


: 3 -34 

pee so TE spy and A= a oat us 3 =2.43 pm 

A A mc (9.11x10™ kg)(3.00x10° m/s) 
These are gamma ray photons. 
EVALUATE: The total charge of the electron/positron system is zero and the photons have no charge, so charge is 
conserved in the particle-antiparticle annihilation. 
(a) If the z decays, it must end in an electron and neutrinos. The rest energy of m~ (139.6 MeV) is shared 
between the electron rest energy (0.511 MeV) and kinetic energy (assuming the neutrino masses are negligible). So 
the energy released is 139.6 MeV — 0.511 MeV = 139.1 MeV. 
(b) Conservation of momentum leads to the neutrinos carrying away most of the energy. 


(a) The baryon number is 0, the charge is +e , the strangeness is 1, all lepton numbers are zero, and the particle is K”. 


(b) The baryon number is 0, the charge is —e , the strangeness is 0, all lepton numbers are zero, and the particle is m`. 
(c) The baryon numbers is —1, the charge is 0, the strangeness is zero, all lepton numbers are 0, and the particle is 
an antineutron. 

(d) The baryon number is 0, the charge is +e , the strangeness is 0, the muonic lepton number is —1, all other 


lepton numbers are 0, and the particle is yu”. 
h _1.054x10™ J-s 


= — = 1.3910 J =87 keV . 
At 76x10” s 


At =7.6x10™" s> AE = 


AE _ 0.087 MeV 
m,c’ 3097 MeV 
ho (1.05410 J -s) 
AE (4.4x10° eV)(1.6x10™ J/eV) 
IDENTIFY and SETUP: @—K*+K. The total energy released is the energy equivalent of the mass decrease. 


=2.8x10°. 


=1.5x10” s. 


(a) EXECUTE: The mass decrease is m(¢)—m(K*)—m(K_ ). The energy equivalent of the mass decrease is 
mc’ (@) — mc’ (K+)— mce’ (K7). The rest mass energy mc” for the ø meson is given in Problem 44.53, and the 
values for K*and K` are given in Table 44.3. The energy released then is 1019.4 MeV — 2(493.7 MeV) = 


32.0 MeV. The K* gets half this, 16.0 MeV. 

EVALUATE: (b) Does the decay ø > K* + K +2° occur? The energy equivalent of the K*+K~ +° mass is 

493.7 MeV + 493.7 MeV + 135.0 MeV = 1122 MeV. This is greater than the energy equivalent of the ø mass. 

The mass of the decay products would be greater than the mass of the parent particle; the decay is energetically 

forbidden. 

(c) Does the decay ø > K* +z occur? The reaction ø > K* + K` is observed. K* has strangeness +1 and K~ 

has strangeness —1, so the total strangeness of the decay products is zero. If strangeness must be conserved we 

deduce that the ø particle has strangeness zero. 2 has strangeness 0, so the product K* +z” has strangeness 

—1. The decay 6 > K* +7 violates conservation of strangeness. Does the decay ø > K* + occur? w has 

strangeness 0, so this decay would also violate conservation of strangeness. 

(a) The number of protons in a kilogram is 

6.02310” molecules/mol 
18.0x10° kg/mol 


(1.00 kg) ) (2 protons /molecule) =6.7x10”. 


Note that only the protons in the hydrogen atoms are considered as possible sources of proton decay. The energy 
per decay is mc” = 938.3 MeV =1.503x10™ J, and so the energy deposited in a year, per kilogram, is 


In(2) 
1.0x10'8 y 
(b) For an RBE of unity, the equivalent dose is (1) (0.70 rad) = 0.70 rem. 

IDENTIFY and SET Up: The total released energy is the equivalent of the mass decrease. Use conservation of 
linear momentum to relate the kinetic energies of the decay particles. 

EXECUTE: (a) The energy equivalent of the mass decrease is 

me’ (2 )—mce?(A°)— me? (a) =1321 MeV —-1116 MeV —139.6 MeV = 65 MeV 


(6.7x10” jl Je y) (1.50x10™ J) =7.0x10~ Gy =0.70 rad 
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(b) The =" is at rest means that the linear momentum is zero. Conservation of linear momentum then says that the 
A° and x must have equal and opposite momenta: 


Also, the sum of the kinetic energies of the A° and z” must equal the total kinetic energy K,,, =65 MeV 
calculated in part (a): 
Ki = Ko tK 

A a 
Kot 3m Vv. =K a 


Use the momentum conservation result: 


Mo 
A 1 2 \_ 
K œ + (aimo ) = K o 


a A 65 MeV 
/m,  1+(1116 MeV)/(139.6 MeV) 


=7.2 MeV 


1+m,o 


Ko tK- =Koa so K_=K,.-K,o = 65 MeV —7.2 MeV =57.8 MeV 
The fraction for the A° is coy =11%. 

65 MeV 

7.8 MeV 
The fraction for the m~ is 348 MeN =89%. 

65 MeV 


EVALUATE: The lighter particle carries off more of the kinetic energy that is released in the decay than the 
heavier particle does. 


dR dR/dt HR 
44.57. (a) For this model, 2È = HR, so 2 = 


= H, presumed to be the same for all points on the surface. 
dt R R 


(b) For constant 0, di 
dt 


= dR 9 = HRO= Hr. 
dt 


dR/dt 


(c) See part (a), H) = È 


dR 
(d) The equation ir = HR is a differential equation, the solution to which, for constant H}, is R(t) = 
t 


Rye", where R, is the value of R at t= 0 . This equation may be solved by separation of variables, as 


dR 
Lia s In (R) = H, and integrating both sides with respect to time. 
t 
(e) A constant H, would mean a constant critical density, which is inconsistent with uniform expansion. 
dR 1 dð 1 0 
44.58. From Problem 44.57, r=RO=> R=". So a2 7 LIM Since Mug, 
0 dt @Odt O dt Odt dt 
é 1dR_ 1 dr_1dr ee 1 dR pe DENS dv o= d{rdR\_d ook 
Rdt ROdt rdt dt \R dt dO d0\R dt) d0\ dt 


sof EK where K is a constant. RE R= £ t since ad zi H= e R kar So the 
dt dt 0 0 dt Rdt Kt@ t 


v ; : 
current value of the Hubble constant is Fa where T is the present age of the universe. 


44.59, (a) For mass m, in Eq. (37.23) u=—v,,,, V = V, and so v„ = eae For mass 
~ Vo Vom c 


cm? 


r 
M,u=—v,,,,V =0, SO Vy =V: 
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44.60. 


(b) The condition for no net momentum in the center of mass frame is my,v,,+My,,v,, =0, where 
y,, and ¥,, correspond to the velocities found in part (a). The algebra reduces to 8,7, = (8, -—B)%Y,. where 


v v, a2 
By = ee p= se and the condition for no net momentum becomes m(f, - B) Yu =M BY, . or 


p= Ê _ B m yoz mVo 
0 * "cm i 
1+ M m+M J1- p; m+M J1- v70? 
myo 
(c) Substitution of the above expression into the expressions for the velocities found in part (a) gives the relatively 
M m 


simple forms v,, =V% Vu = Vo% . After some more algebra, 
0 


m+My, M+my 
Yn = 2 2 Yu = 2 2 
[Jm +M°+2mMy, in +M°+2mMy, 


m+My, 


, from which my, +My,, = Jm? +M?’ +2mM y. This last 


expression, multiplied by c’, is the available energy E, in the center of mass frame, so that 

E? = (m +M? +2mMy,)c* = (m° Y + (MeF + (2Mc? Xm?) = (m? Y + (Mc)? + 2Mc’E,,, which is Eq.(44.9). 
A >na’ 

(a) E=(Am)c’ = (m) — (m, Jc’ (m „ )c? =1116 MeV — 939.6 MeV -135.0 MeV = 41.4 MeV 


(b) Using conservation of momentum and kinetic energy; we know that the momentum of the neutron and pion 
must have the same magnitude, p, = p,- 


K, =E,-—m,c’ =. (m,c’) +(p,c) -m,e =,{(m,c?) +p, —m,c? 

K,= Janey +K?+2m,c’K, —m,c’=K,+K,=K,+ Jone’? +K2+2m,c?K, -mc =E. 
(mcy +K} +2m,c K, =E +(m,c’) +K} +2Em,c’ —-2EK, —2m,c’K,. Collecting terms we find: 
K,(2m,c? +2E+ 2m,c*) =E’ + 2Em,c° 


_ (41.4 MeV)’ + 2(41.4 MeV)(939.6 MeV) 
* 2(135.0 MeV) + 2(41.4 MeV) + 2(939.6 MeV) 


= 35.62 MeV. 


2 
So the fractional energy carried by the pion is A = 0.86, and that of the neutron is 0.14. 


